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Archaeological collections from several sites in the Northern Great Plains and Snake 
River Plain contain a disproportional amount of B. bison appendicular elements relative to axial 
and cranial elements. Moreover, within these collections, large numbers of appendicular 
elements often display impact scars, which signify that they were broken to extract the fatty 
marrow within the diaphysis. The leading hypothesis explaining this phenomenon is that periods 
of resource scarcity on the Northern Plains led prehistoric hunters to implement fat-seeking 
strategies, where bison appendicular elements were highly sought after due to the fat content. 
This thesis investigates whether bone resiliency, where more strikes were needed to break 
an element open, or marrow nutritional value, where hunters were fragmenting a bone to obtain 
as much marrow as possible, better explains impact scar frequencies in archaeological faunal 
collections. Essentially, fracturing bone through hammerstone percussion is not guaranteed to 
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cause the entire marrow cavity to be exposed. Repeatedly striking fractured areas leads to 
compromised structural integrity and allows easier marrow extraction. Alternatively, impact 
scars frequencies could just indicate how resilient/robust a bone is. In this case, the impact scar 
frequencies simply document how tough an element is. In other words, impact scar frequencies 
should vary positively with structural robustness. To explore this issue, an experiment was 
designed to break open bison bones and observe how many strikes were required to open the 
marrow cavities of each.  
The experiment involved using an electromagnet to drop a four-pound steel ball bearing 
on 266 bison bones, while keeping a count of how many strikes were needed to break open each 
specimen. The results show that the appendicular elements with the highest amount of marrow 
were also the easiest to break open. Comparison of experimental results with the archaeological 
record shows that those bones with the highest frequency of impact scars were also the easiest to 
break open. Therefore, impact scars seem to reflect a behavioral response to marrow utility as 
opposed to bone resiliency to impact force. 
(127 pages) 
  




Variability in Long Bone Processing: The Result of Bone Resiliency or Marrow Utility 
Jonathan P. Keith 
In archaeology, the study of animal remains helps researchers understand what animals 
past hunters sought to prey upon and what decisions they made related to field butchery. 
Archaeological excavations in sites of the Northern Great Plains and the Snake River Plain have 
shown that a disproportional amount of bison limb bones occur relative to other bones in the 
body. Limb bones contain marrow, and to break these open ancient butchers would use 
hammerstones and rock anvils. Such processing behaviors often leave impact scars, and these 
often vary in frequency from one part of the skeleton to the next.  
My research explores whether impact frequencies are more closely tied to marrow utility 
or bone resiliency, both of which vary across the bison skeleton. Marrow contains a high amount 
of fat and in periods of food scarcity, fat-rich foods become highly valuable. At the same time, 
resiliency to fragmentation varies across the bison skeleton as well. Subsequently, these 
relationships give rise to an interesting and important question. Specifically, are impact scar 
frequencies better explained as a response to bone resiliency or marrow nutritional utility. 
My thesis addresses this question through an experiment in which 266 fresh bison bones 
were broken using a four-pound steel ball bearing released by an electromagnet drop machine. 
Each specimen in my sample was subjected to repeated drops until they split open, allowing 
access to their marrow cavities. I kept count of how many strikes were needed to break open 
each bone. The results show that the limb bones with the highest amount of marrow were also 
the easiest to break open, which mirrors the frequency of bones with impact scars in the 
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archaeological record. In contrast the bones most difficult to open also produced the least 
marrow. Therefore, impact scars seem to best reflect the processing effort past hunters expended 
to obtain their fatty nutrients.   
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In the Northern Great Plains and on the Snake River Plain, the prehistoric hunting of 
bison was an essential way of life. In the cold and harsh winters of the Plains, the meat and fat of 
the bison were essential to avoid starvation until the spring. When hunters would kill their prey, 
it was not always near their base camp. Binford (1978) hypothesized that these hunters would 
have to make a choice of what field butchered parts of a large carcass to bring back to camp.  
Zooarchaeological research at sites in the Northern Great Plains and on the Snake River 
Plain such as Hell Gap and Baker Cave examined large faunal assemblages of bison (Breslawski 
and Byers 2015; Byers 2002). The work of Byers (2002) and Breslawski and Byers (2015) 
indicated that these sites contained a disproportional number of appendicular elements. These 
authors found that most elements were not only appendicular, but most were from female bison 
and that the time of death was in the fall and winter (Breslawski and Byers 2015; Byers 2002). 
Using data from Emerson (1990) they found that most appendicular elements contained a high 
amount of fat, particularly due to marrow and high grease content.  
It seems logical that these prehistoric hunters of the Plains, when faced with field 
butchery and transportation decisions in the fall and winter, had to make choices of what parts of 
a bison carcass to take back to camp. In periods of resource scarcity, it seems likely that marrow-
yielding bones of the bison carcass were the primary focus of butchery packages. Byers (2002) 
and Breslawski and Byers (2015) found that the sites of Hell Gap and Baker Cave also had a 
high amount of these appendicular elements broken open, as indicated by impact scars. These 
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scars indicate that the hunters were indeed breaking open bones to obtain the marrow within. 
However, a question arises concerning the nature of these impact scars. Was their presence an 
indicator of marrow’s nutritional yields, where hunters were breaking open these bones as much 
as they could to get marrow from them, or was the resiliency of the bone conditioning the 
appearance of impact scars or a combination of both factors? Essentially when a butcher strikes a 
bone with a hammerstone, more than one strike may be necessary to expose the marrow cavity. 
However, by increasing the rate and completeness of fracture by striking an element at various 
points along its diaphysis, one can gain greater access to the marrow cavity and more completely 
extract this nutritious resource. In this first model, the butcher is concerned with maximizing 
marrow extraction and higher marrow utility bones might be expected to display higher 
frequencies of impact scars. Alternatively, impact scars could just indicate how resilient and 
robust a bone is. In this second model, frequencies of impact scars are unrelated to marrow utility 
and more simply just document bone resiliency.  
My thesis seeks to address this question by testing the resiliency of various bison 
appendicular elements and seeing if meaningful differences in resiliency exist between these 
bones. To do so, I designed a machine that drops a ball bearing on the diaphysis of skeletal 
elements and quantifies the number of strikes needed to break open each bone. Using the data on 
how many strikes it takes to break open a bone I could determine if nutritional yields, resiliency, 
or a combination of factors impacted the appearance and quantity of impact scars among 
archaeological assemblages. In short, my experiment provides a frame of reference for 
interpreting assemblages of bison bone and the frequency of impact scars in those assemblages. 
Ultimately, through my experiment I found that higher-yielding marrow elements are also 
easier to break open and that the impact scars found archaeologically likely reflect marrow utility 
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as opposed to resiliency. I also found that lower-yielding marrow bones were often significantly 
more difficult to break open than elements such as the femur, humerus, and tibia. Before I 
present my results of my experiment, I begin this thesis with a discussion of the literature on 
nutrition, fat, and archaeological assemblages, which led to asking the question addressed in this 
body of work.  
  






 Zooarchaeological investigations during the past 50 years have sought to understand 
prehistoric butchery behavior through the evidence such behavior leaves behind (Binford 1978, 
1981; Bonnichsen 1979; Brain 1967, 1969; Bunn 1982; Greenfield 1999; Johnson 1985; Lyman 
1987, 2005; Maltby 1985; Miller 1989; Morlan 1980; Potts 1982; Shipman 1981a; 1981b; 
Shipman et al. 1981). Factors such as within-bone nutritional variation, marrow extraction 
techniques and bone density all play an essential role in the processing decisions made by 
ancient foragers (Binford 1978, 1981; Blasco et al. 2014; Lyman 1984, 1994; Marean 1991:681; 
Outram 2002; Pickering and Egeland 2006; Thomas and Mayer 1983). Each concept intertwines 
with the other, but past faunal research has typically placed the emphasis on bone fragmentation 
as a result of extracting within-bone nutrients (Breslawski and Byers 2015; Madrigal and Holt 
2002; Marshall and Pilgram 1991). My thesis question, however, seeks to address the potential 
influence that bone resiliency and strength has on fragmentation. 
Fundamental to my thesis is the distribution of marrow/skeletal fat across a carcass and 
how it can influence processing decisions. Processing decisions, in turn, create unique signatures 
when extracting fat from skeletal elements, typically as a result of using a hammerstone (Binford 
1978:152-155; Blumenschine and Selvaggio 1988, 1991; Bunn 1989; Lyman 1994:326; Sadek-
Kooros 1972:371). Archaeologists can use the frequency of these signatures (i.e. impact scars 
and fragmentation rate) as a proxy to measure processing intensity and marrow extraction. 
Previous zooarchaeological research has also recognized that bone density could potentially play 
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a role in long bone fragmentation during processing (Breslawski and Byers 2015). However, 
determining bone strength is not as simple as using density alone, other variables can come into 
play as well. For example, bone morphology and the ways morphology may condition a bone’s 
ability to absorb energy can condition fragmentation. Resiliency, the elastic energy a bone can 
absorb and release, may also affect fragmentation (Bankoff 2012; Bickley and Szilagyi 
2009:580; Bluemke and Liu 2012:600-601; Engelke et al. 2008; Nordin and Frankel 2001). My 
thesis question emerges from this observation and is, simply stated: Does bone morphology and 
resiliency condition archaeological indicators of processing intensity? 
Before I address my thesis question through original research, I use this chapter to create 
an outline of the logical underpinnings and background which led to asking if bone morphology, 
or architecture, and resiliency influence processing decisions. I begin by discussing the 
nutritional values of long bones and concepts underlying marrow utility, along with the 
distribution of within-bone nutrients within a carcass. Next, I describe the archaeological 
signatures of and basic biomechanics behind marrow extraction. Such behaviors are often 
indicated by impact scars left behind on green bone due to the use of hammerstones 
(Blumenschie and Selvaggio 1988, 1991; Lyman 1994). Related to biomechanics is the structural 
density of bone. I briefly discuss, how bone structural density might impact marrow extraction. I 
conclude with two case studies, Baker Cave and Hell Gap Locality II. In both instances, bone 
modification data describe fat-seeking behaviors focused on the extraction of within-bone 
nutrients from bison appendicular elements. Importantly, all sections in this chapter have an 
underlying theme underpinning the foundation of my thesis question, which is the importance of 
fat as a vital nutrient needed for human survival and reproduction. 
 
   6 
 
FAT AS AN ESSENTIAL NUTRIENT 
 
 
This section provides an overview of the importance of fat to the human diet and, within 
that context, the ways archaeologists can monitor the relationships between fat distribution 
across a carcass and ancient processing decisions. Here, I discuss the nutritional value and 
specific distribution of fat, a nutrient providing large amounts of calories per gram, as well as 
fatty acids needed to absorb essential vitamins (Albahrani and Greaves 2016; Brody 1999:492-
493; Gunstone 1996; Merrill and Watt 1973:9-10; Speth 1983:148-149). Fat also provides 
physiological benefits like energy storage, insulation, and support of continuous menstrual cycles 
(Alexander et al. 2015; Guthrie 1989; Merritt 2010:189-190; Trayhurn and Beattie 2001). I 
conclude this section by discussing how large mammals in high latitude locations typically store 
large amounts of fat that hunters can exploit in periods of resource scarcity. 
Artiodactyl digestive systems process energy, nutrients, and minerals from plant matter 
typically inedible to people (Georgievskii 1982a:62-65). As herbivores digest plants, minerals 
and micronutrients are stored in various organs; for example, high amounts of Vitamin A, 
Vitamin B12, Vitamin D, and iron are stored in the liver (Georgievskii 1982b:91-94, 
Georgievskii 1982c:188-189; Guthrie 1989:289-299,353,365,404). Humans and carnivores, 
therefore, can take advantage of vitamin and mineral dense organs by selectively consuming 
body parts containing the most desirable nutrients. One nutrient densely stored in various regions 
of an animal’s body is fat.  
While many animals possess fat deposits, physiological differences cause some animals 
to store and contain more overall fat. Many populations of mammalian species located in mid-
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high latitude regions survive by having a larger mass relative to surface area to reduce heat loss, 
an adaptation defined by Bergmann’s Rule (Bergmann 1847; Merritt 2010:214-215). Like 
humans, the survival of larger mammals in areas of increased latitude requires considerable 
adipose tissue for insulation and energy reserves (Alexander et al. 2015; Trayhurn and Beattie 
2001). Consequently, large animals living in cooler high latitudes often devote a greater 
proportion of their overall tissue to body fat than similar animals living in warmer environments 
(Lindstedt and Boyce 1985:875-877). Fat reserves also often fluctuate during the year, with 
internal fat storage generally increasing before seasonal shifts to periods of resource scarcity 
(Ashton 2002:518; Boyce 1979:576). 
 
Fat and Human Nutrition 
 
Fat plays an essential role for human survival in regions that experience periods of 
resource scarcity, like those that experience long, cold winters located in mid-high latitude 
regions (Binford 1980:13-14; Lee 1968:42-43; Speth 1983:150-151; Speth and Spielman 
1983:18 Ströhle et al. 2010:943). While some types of foraged vegetation (e.g. seeds and edible 
plant oils) contain fat, large amounts of such resources need to be gathered/processed to obtain 
meaningful amounts of fat (Brufau et al. 2006; Guthrie 1989:Table 5.6; Kunsman et al. 1981; 
Simms 1985). Additionally, the ability to easily gather edible plant matter declines during winter 
or other periods of resource scarcity, which makes extracting fat from animal carcasses the most 
reliable way to obtain this important nutrient (Guthrie 1989:118-121; Lathrap 1968:27-28; 
Morrison 1988; Stefansson 1914). 
Hunter-gatherers often target animal fat because of its nutrient rich nature. Fat provides 
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twice as many kilocalories per gram (9.0 fuel value) as protein (4.4 fuel value) or carbohydrates 
(4.1 fuel value) (Merrill and Watt 1973:9-10; Speth 1983:148). More importantly, fat provides 
fatty acids, a type of lipid, which aid in the production and absorption of fat-soluble vitamins 
such as vitamins A (retinol), D (cholecalciferol), E (tocopherol), and K (menaquinones) 
(Albahrani and Greaves 2016:27-28; Brody 1999:492-493; Gunstone 1996:82). Finally, fatty 
acids help with the development and modulation of cell membranes (Ibarguren et al. 2014:1525; 
Speth 1983:148). 
One benefit of consuming fat involves the ability to turn consumed fat into stored fat 
within the human body (Alexander et al. 2015; Bi et al. 2014; Trayhurn and Beattie 2001). 
Excess fatty acid becomes stored as fat, but fatty acid also combines with glycerol to generate 
triglyceride (Guthrie 1989:101-102). Triglyceride can be stored or utilized by the body in several 
ways. Triglyceride is stored in adipocytes comprising adipose tissue, which in turn functions to 
store energy (white adipose tissue), generate body heat (brown adipose tissue), and even insulate 
internal body temperature (dermal white adipose tissue) (Alexander et al. 2015; Merritt 
2010:189-190; Trayhurn and Beattie 2001). In addition, women need stored fat to fuel their 
menstrual cycles and rapid decreases in body weight, ranging from a minimum of 10% to 15%, 
can cause menstruation to stop, unless a woman regains a regular total fat mass of around 16 kg 
(28% live weight) for average 18-year-old teenager (Frisch and McArthur 1974; Pond 
1978:550). 
Prehistoric peoples living in regions defined by pronounced seasonality often depended 
on large herbivores for fat (Arima 1984; Asch 1981; Binford 1978, 1980; Damas 1984; Hall 
1984; Lee 1968; Mary-Rousselière 1984; McKennon 1981; Snow 1981; Tobey 1981). Hunter-
gatherers often demonstrate an intimate knowledge of their prey’s anatomy as it relates to fat and 
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other important nutrients (Binford 1978:59-67; Spiess 1979:21). Hunters often use this 
knowledge to procure the most desirable carcass portions and to extract the most calories/fat in 
the most efficient manners (Binford 1978:59-67; Spiess 1979:21). High latitude ethnographic 
studies show that fatty meat, rather than lean meat, allows human survival during the harsh 
winters, thus fat-seeking behavior often coincides with seasonal shifts into colder weather 
(Binford 1978:146-149; Driver 1990:28-29; Kehoe 1967:69-70; Nelson 1986:142; Speth 
1983:150; Stefansson 1944:234; Ströhle et al. 2010:943).  
Ultimately, the nutritional value of fat can positively impact overall health of humans 
living in regions with periods of resource scarcity, and large ungulate carcasses provide one 
important source of fat in mid-to-high latitude regions (Binford 1980; Reeves 1990; Speth 1983; 
Spiess 1979). Prehistoric hunters in the mid-to-high latitude Midwest and Mountain West 
regions of North America often sought out large game like B. bison (Morris 1990; Reeves 1990). 
With bison, besides the fat associated with the muscular system, a primary source of highly 
concentrated fat is the grease and marrow contained within the skeletal system (Emerson 1990; 
Speth 1983). The distribution of this within-bone nutrient varies over the system, with some 
elements and portions containing higher density of fat. I next turn to exploring how skeletal fat 
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THE DISTRIBUTION OF WITHIN-BONE NUTRIENTS IN A BISON CARCASS 
 
 
While the previous section highlighted the importance of fat in the human diet, the next 
logical question to ask is how fat distributes across an ungulate carcass. While bison store fat in 
muscle tissue, another important and highly dense fat reserve can be found in the skeletal system 
(Speth 1983:102-105). I begin this section with a general review of the physiological definitions 
of the types of skeletal fat and where they are found in a bison carcass. I do this by discussing the 
physiology of skeletal fat, including bone marrow. I next divide a bison’s body into to cranial, 
axial, and appendicular regions and discuss the role that fats from each body portion play in the 
physiology of a large mammal. As my review will show, elements of the appendicular skeleton 
possess the highest fat values. It is important to note, however, that not all long bones offer the 
same fat/marrow values; instead, marrow values vary from one element to the next, and 
nutritional values can also vary by sex of the animal and by season (Emerson 1990; Speth 1983). 
I complete this section by providing an overview of how fat varies across the carcass of a bison, 
how archaeologists quantify this variation and, finally, how they use this information to 
understand ancient behaviors. 
 
Skeletal Fat, Bison Carcasses and Nutritional Utility 
 
The distribution of skeletal fat varies by element and element portion, which, 
consequently, has implications for butchery decisions.  I begin this section by discussing the 
types of skeletal fats and their general distribution across a carcass. Within-bone skeletal fat is an 
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important dietary resource for humans and consists of two components, bone marrow and bone 
grease. The commonly used term “bone marrow” typically refers to the yellow marrow stored in 
the medullary cavity of bone, particularly the medullary cavities of long bones (Erslev and 
Gabuzda 1985:3-7; Małkiewicz and Dziedzic 2012; Moulopoulos and Koutoulidis 2015:1). Bone 
marrow is compact within these cavities, and from ethnographic research is most desirable when 
highly fatty (Binford 1978:23). However, marrow cavity volume varies between elements, and 
portions of those elements (Binford 1978; Emerson 1990). For example, the long bones with the 
largest marrow cavities include the tibia, femur, and humerus, while the radius, metacarpal, and 
metatarsal have smaller volumes (Emerson 1990:188,Table 5.25).  
The fat within marrow cavities can also be very nutritious, as bone marrow contains 80% 
fat, meaning bone marrow can provide a rich source of calories (Barkley and Wang 2013:30,32; 
Guthrie 1975:83; Moulopoulos and Koutoulidis 2015:1). Even when a bison experiences 
nutritional stress, marrow reserves tend to be less affected than fat associated with muscle tissue 
(Bain et al. 2008:5; DelGiudice et al. 1994; Fong 1981; Speth 1983:103). Marrow cavities are 
not the only places in the bone that contain fat. Foragers can also extract bone grease from 
cortical bone and medullary cavities through boiling, which adds to the overall fat content 
available within a bone (Barkley and Wang 2013:30,32; Brink 1997:260, 263; Broughton 
1999:18-19; Outram 2001:401).  
Since skeletal fat concentrates in a bison’s appendicular skeleton, foragers often find 
these bones desirable parts of a carcass (Emerson 1990:845; Ricci et al. 1990: 84-85, Figure 9; 
Speth 1983:103-104). The fat concentration in appendicular bone marrow and grease storage is 
also the last fat reserve in bison and artiodactyls more generally, and it’s often metabolized last 
by an animal during periods of resource scarcity and starvation (Bain et al. 2008:5; DelGiuduce 
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et al. 1994; Fong 1981; Speth 1983:103-104). In addition to the availability of appendicular 
skeletal fat in times of resource scarcity, appendicular marrow often ceases hemopoietic activity 
early in an individual’s lifetime. This process results in the conversion from blood-cell producing 
with low fat content to non-blood cell producing with high-fat content tissue in appendicular 
elements during the onset of adulthood. These physiological processes make long bones one of 
the most reliable fat sources in a bison carcass, regardless of the individual’s age or nutritional 



















Skeletal Fat Marrow Fat Grease Fat
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2015:4). 
Fat content not only differs between bones, but within portions of those bones as well 
(Figure 2.1). Zooarchaeologists are interested in understanding how these within-bone nutritional 
differences impact butchery set selection, marrow extraction, and processing intensity. Taking 
into account the ways that nutritional value varies across carcasses has driven archaeologists like 
Binford (1978; 1981) to better understand how archaeological assemblages reflect butchery set 
selection within the context of behaviors such as element transport and processing intensity. One 
outcome of such research has been the creation of nutritional utility indices, which have been 
applied to various zooarchaeological research.  
 
Utility Curves and Indices 
 
Archaeologists recognize that nutrient values vary across a skeleton and have adopted 
several strategies to measure this variability. First, they view nutritional value though the concept 
of utility, and they recognize that utility can vary from one element to the next as well as within a 
single element (Binford 1978:Table 1.6; Emerson 1990). Utility represents an economic metric 
used to rank the nutritional values of body parts (Binford 1978, 1981). For skeletal elements, 
researchers often segment utility into the relative values of meat and marrow (Binford 
1978:19,25-28). Utility indices for nutrients of interest, in this case marrow, typically derive 
from tissue weight or volume (Lyman 1994:227-231).  
The use of utility values allows the creation of graphical data presented as scatterplots. 
Binford (1978:75-82), for example, plotted general utility, a combination of meat, marrow, and 
grease nutrition, against the minimum number of individuals – in this instance defining  
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Skull         
Atlas 0 2.4 1.6 0.59 
Axis 0 1.6 1.1 0.47 
C. Vert 0 4.8 3.3 0.5 
T. Vert 0 24.1 16.8 0.4 
L. Vert 0 29.8 18.3 0.27 
Pelvis/Sacrum 6.7 97.6 70.6 0.27 
Caudal 0 4.5 2.9   
Ribs 0 55 38.7 0.41 
Sternebrae 0 4.6 3.1   
Scapula 36.9 43.6 53.7 0.37 
Humerus 70.35 65.15 86.4 0.36 
Radio-Ulnae 59.15 50.2 63.25 0.5 
Carpal 36.2 38.2 39.2   
Metacarpal 23.7 31.7 26.7 0.58 
Anterior Phalanx 10.2 29.1 21.6   
Femur 97.7 100 100 0.33 
Tibia 92.25 64.3 87.55 0.52 
Tarsal 55.2 49.6 51.6   
Metatarsal 32.9 36.2 34 0.53 
Posterior Phalanx 15.5 30.6 25.4   
Note: Since Emerson (1990) presents long bones as Distal and Proximal ends, these have been averaged to provide 
single element-specific values, and density values not added for lumped elements, e.g. carpal. 
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“individuals” as the frequencies of various skeletal elements in Nunamiut bone assemblages 
(Binford 1978:75-82). The result led to curves based on transportation decisions, such as bulk 
and gourmet strategies. Binford’s work, in turn, led other archaeologists to use the concept of 
utility to understand how hunter-gatherers exploit and process a carcass (Binford 1978, 1981; 
Blumenschine and Caro 1986; Borrero 1990; Brink and Dawe 1989; Bunn et al. 1988; Jones & 
Metcalfe 1988; Kooyman 1990; Lyman 1992; Metcalfe and Jones 1988; O’Connell et al. 1988, 




Figure 2.2. Skeletal Fat Utility Across a Bison Carcass. Data from Emerson (1990). 
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archaeologists to use meat, marrow, or both to create graphic representations of prehistoric 
transportation and processing decisions (Binford 1978:77-81; Lyman 1994 225-234). 
Representation of curves are typically signified by graphs, which use the utility index values 
plotting against something such as counting units like Number of Identified Specimens (NISP), 
Minimum Number of Individuals (MNI), Minimum Number of Elements (MNE), Minimum 
Animal Units (MAU), and so forth. (Binford 1978, 1981, 1984; Bunn and Kroll 1986; Emerson 
1990; Grayson 1984; Ringrose 1993; White 1953). Several investigations of fat-seeking behavior 
show a positive relationship between elements with high marrow utility and the counting method 
employed (Breslawski and Byers 2015; Madrigal and Holt 2002). Importantly, these curves often 
reflect how seasonality impacts behavior, and how it can potentially modify utility indices.  
Emerson (1990) has published utility values for bison and these data have become an 
important interpretive tool for zooarchaeologists working in the American West and Great 
Plains. Her skeletal fat indices are presented in Table 2.1. These data suggest that the 
appendicular elements, in particular the femur, humerus, and tibia, have the highest skeletal fat 
utilities compared to the rest of the bison skeleton (Figure 2.2). 
Ultimately, the concentration of marrow remains highest and most compact in 
appendicular elements, due to earlier age conversions from haematopoietically active to inactive 
marrow. Finally, fatty acids also vary based on skeletal and element location. These factors all 
condition decisions behind marrow extraction and its intensity, but a major question is how to 
determine archaeologically if marrow extraction occurred?    
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Breaking open long bones to extract marrow and grease is not a simple process, nor easy, 
because bone density can condition both the time and effort required to open the medullary 
cavity (Madrigal and Holt 2002). Importantly, differences in bone density exists not only 
between elements, but portions of the cortical bone across elements, conditioning breakability 
both between and within elements (Kreutzer 1992). I begin my discussion of this important 
subject by defining and clarifying the definition of bone density. Past zooarchaeological analyses 
typically use bone density as a measurement for survivability, often discussed in the context of 
taphonomic processes that can eliminate bone in archaeological contexts (Lyman 1985). I 
conclude by discussing how long bone morphology, in combination with bone density, can 
condition fracture characteristics. In my discussion, I suggest that long bones are susceptible to 
forces traveling perpendicular to their long axis. I also suggest that overall shape and bone 
quality can condition resiliency, here defined as a bone's resistance to structural failure (Bankoff 
2012; Bickley and Szilagyi 2009:580; Bluemke and Liu 2012:600-601; Engelke et al. 2008; 
Nordin and Frankel 2001). 
The use of the term structural density has often been a convoluted issue due to numerous 
ways that researchers have defined and measured this metric (Lyman 1984:264; 1994:237; 
Shipman 1981b:23-26). Structural density on the most basic level is a mass:volume ratio 
measurement, often calculated using grams per cubic centimeter (Brian 1969; Lyman 1994:237; 
Shipman 1981a). Lyman (1984:264; 1985) went further and separated structural density into two 
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categories: true density and bulk density. True density is the mass:volume of a solid, while 
excluding pore space (Dt = M/V solid only). Here “pore space “is defined as the cancellous, or 
spongy, bone (Lyman 1984:264; 1994:237). In contrast, bulk density represents the mass:solid 
ratio of a bone that includes pore space, including medullary cavity, volume (Db = M/V solid 
and pore space) (Manifold 2014:115; Lyman 1984:264; Rauch and Schoenau 2002). One can 
also divide bulk by true density to determine total porosity (Lyman 1984:265).  
Understanding structural density not only requires understanding the impact of variables 
such as mineral composition and bone weight on the ultimate metric, but also how these data are 
collected. Bulk density approximates bone mineral density (BMD), which researchers have 
measured using photon absorptiometry or photon densitometry (Burr 1980:110-111; Lyman 
1984:269-271; 1992; 1994:238). Densitometers measure mineral residue mass (g) per unit length 
(cm) through the implementation of thin photon beams from a radioactive source, typically X-
rays (Kreutzer 1992:275-276; Lyman 1984:269). Researchers establish scan sites to pass photon 
beams through and obtain linear density (g/cm²) readouts (Lyman 1984:269-270). Different 
mineral densities of calcium in a bone will weaken the strength of photon beams, which is read 
by the receiver from the scanner source (Lyman 1984:269-270). Importantly, linear densities can 
suffer due to orientation of a bone, width, and morphological variation, which makes them an 
inappropriate stand-alone measurement to compare with other readouts (Kreutzer 1992:283). 
However, these problems can be rectified using volume density, where the width and depth of 
the scan site are measured with calipers and the area then multiplied by scan length, which 
allows bone mineral content (BM) to be divided by the volume to obtain a g/cm³ measurement 
(Kreutzer 1992:283). 
One can use bone density to predict survivability in the archaeological record, here 
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defined as resistance to taphonomic destruction, especially when it comes to predict the 
survivability of compact bone (Lyman 1994:76,85). Kreutzer (1992) produced bison bone 
density data based on the locations of the photon beam scan sites Lyman use when measuring the 
bone densities of deer elements (1984:274-279). Kreutzer’s data show that the highest areas of 
density are towards the central diaphysis, while areas closer to the epiphyses have less density.  
While density has often been used as a proxy for survivability, human processing 
decisions can result in behaviors that eliminate bone in ways conditioned by density. 
(Behrensmeyer 1975; Binford and Bertram 1977; Breslawski and Byers 2015; Graves 2008:538-
540; Haynes 1980; Lyman 1984; Lyman et al. 1992; Madrigal and Holt 2002; Marean and 
Spencer 1991; O’Brien and Liebert 2014; Walters 1984). Impact strikes such as those that are the 
focus of my thesis illustrate one such process. Simply put, within the context of this study one 
might expect denser bones to require more processing effort to open. However, density is only 
one proxy of bone strength, as the structure and shape of the bone may be just as important 
(Bankoff 2012; Bickley and Szilagyi 2009:580; Bluemke and Liu 2012:600-601; Engelke et al. 
2008; Nordin and Frankel 2001).  
Hammerstone impacts allow human hunters to create structural failures designed to open 
the medullary cavity. Bones experience increasing amounts of stress as they are repeatedly struck 
and eventually reach a yield point, after which the bone begins to deform plastically until 
structural failure (Burr 1980:110-113; Currey 1990).  Within this context, long bone morphology 
allows these elements to deal with compression forces the best (Bankoff 2012). However, long 
bones are vulnerable to shearing forces, which often form from dynamic loading. Conceptually, 
we can think of this as the forces resulting from an anvil being placed perpendicular to a bone as 
it is being struck with a hammerstone (Bankoff 2012; Johnson 1985:220). In sum, 
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zooarchaeologists need to consider resiliency as more than just a function of bone density, but 
also as a function of bone structure at a macroscopic level. 
Skeletal elements will therefore differ in both density and a morphologically-related 
measure of structural strength, both of which can potentially impact the amount of effort needed 
to break bones open (Bankoff 2012; Bluemke and Liu 2012:600-601; Engelke et al. 2008; 
Nordin and Frankel 2001). The more complex nature of bone strength and resiliency, therefore, 
might play a larger role than previously thought in energy expenditure needed to break open 
bones. Importantly, archaeologists have researched the physical signatures that different marrow 
extraction techniques leave behind on bone. 
 
 
BUTCHERY TECHNIQUES AND IMPACT SCARS 
 
 
Marrow extraction requires breaking open fresh bone, a process that often creates 
identifiable signatures of processing decisions (Binford 1978:152-157, 1981:66,148-149; 
Broughton 1999:19; Davis 1985:163-167; Johnson 1985:160; Myers et al. 1980). In this section, 
I provide an overview of butchery techniques used to open the medullary cavities of long bones 
and the signatures, like impact scars, such a process leaves behind. Ethnoarchaeological studies 
have shown that modern hunter-gatherer groups commonly disarticulate the limbs from the axial 
skeleton of large animals (Abe 2005:115-116; Binford 1978:63, 1981:91; O’Connell et al. 1988: 
118-120). While stone tool cut marks can result from numerous processes, such as skinning, 
disarticulation, meat removal, and filleting, impact fractures typically result from a much 
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narrower set of behaviors (Binford 1978:22-25, 1981:47,106; Lyman 1987:252-253,282-283, 
1994:299-300). More specifically, impact scars indicate behavior corresponding to the extraction 
of within-bone nutrients such as marrow and bone grease (Binford 1978:152-157; 1981:162-
168). Marrow extraction requires breaking long bones to expose their medullary cavities and 
cancellous tissues, actions that require a point loading of considerable force applied on a specific 
area of a bone (Johnson 1985:192; Lyman 1987:294; Turner 2006:432-434).  
 
Archaeological Signatures of Marrow Processing 
 
Marrow extraction requires breaking open fresh, also called green, bones with 
hammerstones (Johnson 1985; Lyman 1994). These green bones contain moisture, along with 
inorganic hydroxyapatite crystals and organic collagen fibers, making the bones viscoelastic 
(Fisher 1995:21; Johnson 1985:160,168; Lyman 1994:316; Özkaya, and Leger 2001:11-12). 
Thus, green bones can withstand high amounts of pressure before structural failure (Currey 
1984:49; Evans 1973; Martin and McCulloch 1987). The ductile nature of green bones almost 
always requires dynamic loading, a concentrated and sudden impact with varying amounts of 
force, perpendicular to the length of the long bone, to open the medullary cavity (Frankel and 
Nordin 2001; Johnson 1985; Zephro and Galloway 2014:42-43). Dynamic loading directs 
bending forces in a long bone along the longitudinal axis following a helical course (Davis 
1985:63; Johnson 1985:171). These bending forces create breakage perpendicularly or at an 
oblique angle to the long axis of the bone, resulting in a breakage pattern called spiral fracture 
(Davis 1985; Johnson 1985:170-175; Shipman 1981a:371-372). 
According to Shipman (1981a:371-373) and Johnson (1985:175), spiral fractures can be  
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broken into two categories, Type I (caused when bones are dry) and Type II (caused when bones 
are green). Type I produces a smooth laminar surface and a fracture plane between adjacent 
collagen bundles, while Type II produces a rough and stepped surface with a fracture plane 
perpendicular to the dominant bundle direction, like a crack in a brick wall (Johnson 1985:175; 
Shipman 1981a:371-373). Type II spiral fractures on green bone can indicate human butchering 
activities, such as carcass disarticulation and marrow extraction; however, non-hominin 
taphonomic agents can also produce Type II fractures.  Carnivore ravaging, trampling, and fall 
damage can all produce spiral fractures mimicking human processing behaviors, as long as the 
bone is green (Binford 1981:57-60; Haury 2005; Haynes 1983; Hill 1976:335, 1980:141; 
Johnson 1985:175; Lyman 1984:321, 1994:324). Spiral fractures, therefore, should be considered 
in conjunction with agent specific bone surface modifications, such as gnaw marks, stone tool 
cutmarks, percussion pits or flake scars when evaluating a specimen’s taphonomic history 
(Binford 1981; Blumenschie and Selvaggio 1988, 1991; Johnson 1985:192) 
Hammerstone impacts causes point loading on a bone, often leaving percussion pits and 
flake scars (Blumenschie and Selvaggio 1988, 1991; Johnson 1985:192-194). Importantly, 
zooarchaeologists can use such traces to understand how much of an assemblage’s fragmentation 
was caused by anthropogenic agents (Binford 1981:164-165; Blumenschine and Selvaggio 1988, 
1991; Jodry and Stanford 1992:120-121; Lyman 1987). Point loading leaves behind impact 
points/scars, a depressed circular area containing ring cracks or crushed bone, and a loading 
point with a crescent-shaped notch on the outer cortical edge (Johnson 1985:194-197; Lyman 
1994:326). Hammer impacts frequently result in the creation of conchoidal flake scars, which 
often expand laterally rapidly below the platform and along an interior wall of the diaphysis 
cylinder with a width exceeding flake length (Fisher 1995:21).  
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Dynamic point loading will also leave behind other signatures besides impact scars and 
bone flakes (Johnson 1985; Lyman 1994). Through dynamic loading, the breakage of green 
bones produces a macroscopically smooth fracture surface and creates acute/obtuse angles with 
the cortical surface, so fractured bones will often display no difference between the color of the 
fracture and that of the outer surface (Haynes 1983:112; Johnson 1985:176-178; Morlan 1980). 
Fractured surfaces and fragments also tend to display hackle marks, discontinuous curved 
grooves/ridges, and ribs—these later modifications characterized by continuous and concaved 
semicircular or curved ridges (Johnson 1985:194-197: Lyman 1994:326). Another common 
dynamic loading product is wedge flakes, which are bone flakes created from the exterior 
cortical surface when bending failure occurs as the bone flexes (Johnson 1985:197; Lyman 
1994:328). 
Breaking bones for marrow extraction often involves placing an anvil below a bone, a 
butchery strategy that can create rebound points where the impact force becomes redirected back 
into the bone (Binford 1981:149-163; Johnson 1985:210; Lyman 1994:326). Utilizing 
hammerstones with anvils creates more curved plane forms, broader negative flake scars, and 
more oblique platform angles (Capaldo and Blumenschine 1994). Several ways of utilizing 
anvils exist and these methods include placing an anvil under the impact area, placing two anvils 
at each end of the bone, or placing an anvil at one end while letting the other end lay on the 
ground (Johnson 1985:192,207; Miller 1989:386). The appearance of dynamic loading signatures 
depends on the placement of the anvil (Lyman 1994:276,326). 
When it comes to intentional fragmentation due to cultural agents, a few counting 
methods exist that relate to skeletal processing intensity. One measurement is percent complete 
(%Complete), which calculates the number of complete bones of a single element and divides it 
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by the maximum element count; which is the sum of complete elements and most commonly 
present end ((complete element * 100) / (complete element + most common epiphysis)) (Todd 
and Rapson 1988:308-309). Another measure is percent impacts per element, and the measure 
%IPE is calculated as follows. Impact scars are first tallied for each element in the appendicular 
skeleton, and then the total number of impact scars counted for each element are divided by that 
element’s Minimum Number of Skeletal Elements value (MNE) (Breslawski and Byers 
2015:187). The resulting measure is a normalized, element-specific measure of processing effort. 
Finally, Breslawski and Byers (2015:187) scaled these values based on the highest IPE value to 
create the %IPE values.  
From the discussion of bone modifications, one can see that marrow extraction creates 
impact scars diagnostic to human agents in most circumstances. Dynamic forces on green bone, 
often with the help on anvils, leave behind percussion pits, flake scars, and evidence of point 
loading. While marrow extraction and grease production both require the breakage of bones, 
grease production causes increased fragmentation and deletion of human-made processing 
signatures (Binford 1981; Brink 1997; Logan 1998). However, the breakage of bone is not 
uniform, which leads to a question of whether skeletal fat utility or bone resiliency drives the 
proportionality of impact scars. The following section addresses relevant case studies related to 
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While the previous sections discussed the role nutrients have on marrow extraction, how that 
marrow is extracted, and how both bone density and morphology can condition processing 
intensity, this section explores all of these concepts within the context of two archaeological 
assemblages. In this instance, I present data from two sites, Baker Cave, Idaho, and the Hell Gap 
Site, Wyoming, to identify a gap in knowledge drawn from the review presented above. These 




Figure 2.3. %IPE arrayed against skeletal fat utility (Emerson 1990) for the Baker Cave 
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between bone fragmentation and fat utility as measured by Emerson (1990) (Breslawski and 
Byers 2015; Byers 2002). While previous archaeological research (e.g. Baker Cave) shows a lack 
of correlation between density and impacts per element, one must remember that density is only 
a proxy for bone strength, and bone architecture also plays a role in strength (Bankoff 2012; 
Bickley and Szilagyi 2009:580; Bluemke and Liu 2012:600-601; Breslawski and Byers 2015; 
Engelke et al. 2008; Nordin and Frankel 2001). Therefore, questions still exist as to the potential 
role bone resiliency and strength could play in conditioning the processing effort required to 
extract marrow and other within-bone nutrients. 
 
Marrow Utility or Bone Resiliency: What Conditions Processing Effort? 
 
To fully understand the origin of my research question, it is important to briefly discuss the 
faunal assemblages from Baker Cave (10BN153 and 15BN154) and Hell Gap Locality II 
(48GO305) and the evidence each contains for fat-seeking behaviors. Baker Cave, a Late 
Archaic site located on the eastern Snake River Plain (SRP), contained numerous bison remains 
(Breslawski and Byers 2015:187; Byers et al. 2016; Plew and Sundell 2000:128). Breslawski and 
Byers (2015:187) argue that the Baker Cave bison assemblage represents hunters transporting 
fat-rich elements into the site in response to seasonal resource scarcity. A bone modification 
study suggested that the bison materials were heavily processed for bone marrow. Hell Gap 
(48GO305), located approximately thirteen miles north of Guernsey, Wyoming, possesses 
several localities that have all produced large quantities of bison remains (Byers 2002, 2009; 
Larson et al. 2009; Rapson and Niven 2009). Of specific interest to this study are analyses of the  
Paleoindian-age Locality II bison materials. Both sites have produced a similar correlation  
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Figure 2.4. %IPE arrayed against skeletal fat utility (Emerson 1990) for the Hell Gap (Byers 




Figure 2.5. %IPE arrayed against average density (Kreutzer 1992) of appendicular elements at 
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between fat utility and processing effort. In both cases, the processing intensity was measured by 
%IPE (Figure 2.2) (Breslawski and Byers 2015). 
Interestingly, both sites display a positive correlation between %IPE and the fat utility of 
appendicular elements. In the case of Baker Cave, long bones with higher marrow fat utilities  
exhibit, on average, more impact scars than bones with lower fat utilities (Breslawski and Byers 
2015:Table 1). Similar trends were found at previous research at Hell Gap Locality II Agate 
Basin (Byers 2002:369-370; 2009:Figure 10.11, 150-151). In the Hell Gap Locality II sample, 
the elements displaying the most impact scars are also those with the highest marrow utilities: 
the humerus, femur, and tibia (Byers 2002:369-370). Comparisons of %IPE for both sites with 
Emerson’s (1990:144) marrow fat model for whole bison bones (Byers 2002:368-369, Figure 8)  




Figure 2.6. %IPE arrayed against average density (Kreutzer 1992) of only long bones at the Baker 



















   29 
 
and 2.5). 
Marrow utility is not the only thing that varies across a bison carcass, the density of the 
various marrow bearing bones do as well. Bone density, therefore, could play a major role in 
processing intensity since denser bones could require more effort to open. Consequently, this 
relationship, should it exist, could drive the frequency of impact scars documented by the studies 
outlined above. However, Breslawski and Byers (2015:187, Figure 3) show that long bone shaft 
density does not significantly correlate with %IPE. From this conclusion, they, argue that fat 
utility better explains processing intensity. For example, as I demonstrate here, %IPE fails to 
correlate with bone density within either the Baker Cave or Hell Gap Locality II bison 






While fat content does a better job of explaining impact frequency than bone density, I 
still need to determine if bone volume density provides an accurate and useful proxy for bone 
resiliency—the latter potentially providing a better measure of breakability than the former. The 
viscoelastic nature of green bones might mean that less dense bone portions can still take more 
strikes and energy to open, if the structure and shape of the bone serves to disperse and redirect 
energy. Striking a fresh bone until structural failure occurs might produce results that density 
alone cannot predict. The question now becomes how to test the viscoelastic nature of bison 
elements to test if marrow yields or resiliency better explains impact scar frequency. To answer 
   30 
 
this question, I next describe an experimental designed to measure the effort needed to open the 
various long bones of a bison skeleton. 
  






 In this chapter, I provide the methodology used to conduct an archaeological experiment 
to replicate marrow extraction, with the goal of documenting difference in processing effort 
needed to open the various limb elements of the bison skeleton. My experiment used fresh/green 
bison appendicular elements to replicate archaeologically created breakage using a dropping 
impact mechanism to document the number of strikes it takes, in one striking location, to open a 
long bone diaphysis. This experiment allowed me to quantify the number of strikes required to 
cause total structural failure of a diaphysis. Here I define failure as the total separation of a bone 
into two halves, although I also note when fragmentation results in openings large enough to 
access marrow.  
To understand how the experiment was conducted, it first is important to describe the 
construction of the machine and its design. As a side note, machine part specifications 
necessitate the use of the imperial system of measurement, because most hardware in the United 
States is based on these measurements rather than metric units. The next area of discussion 
involves determining the aspect and portion of each specific element to strike, followed by the 










 Here, I describe the hardware used to construct the experimental percussion machine and 
the associated anvil. I begin by describing the frame and body of the machine, before describing 
the dropping mechanism and the use of gravity as the force to generate impacts on bone 
specimens. I also discuss specifications of the anvil used to hold and keep stationary each 
specimen. The final part of this section briefly discusses the justification for the machine design 
compared with other potential construction types.  
 The machine’s frame is constructed from two- and two-and-a-half-inch diameter 
polyvinyl chloride pipes. Many fittings of the machine used primer and PVC cement to help 
stabilize the machine (Figure 3.1 Joints where cement was added: a). Some fittings, however, do 
not use PVC cement, allowing the disassembly of the machine. Ease of disassembly is one of the 
goals with the machine, which allows easier transportation and storage, specifically allowing it to 
be moved to the Biomechanics & Motion Analysis Laboratory at Utah State University to utilize 
force plate readouts. The use of PVC also reduced the cost compared to wood, and avoided 
common flaws with lumber: knots, warping, checks, shakes, and splits. To maintain machine 
stability, other specifications implemented during machine design and creation involved utilizing 
horizontal legs perpendicular to the vertical body section (Legs: b). A 42 x 27 cm polygon 
shaped PVC frame fits around the body (Adjustable frame: c). A wooden platform was attached 
and anchored to the top of the frame, which allowed space and room for a magnet to hold and 
release a ball bearing (Platform: d). The vertical frame was indexed with holes in the PVC on  
both sides, which and allowed the height of the board to be adjusted with bolts and wing nuts 




Figure 3.1. The machine used to break open bison bones. 
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(Leader lines to several holes along main machine body frame: e). To ensure the PVC adjustable 
frame and the overall mechanism was level and stable involved using eye hooks and cordage to 
keep it taut relative to the body and legs of the machine (Leader lines to eye hooks and cordage: 
f).  
Importantly, the electromagnet placement and design were created to maintain control 
over drop heights. The magnet platform has a one and one-quarter inch diameter hole on the end, 
allowing a dowel rod holding an electromagnet on its end to be adjusted and held in place via 
clamps. The ability to raise or lower the rod, without the limitation of fixed pins at specific 
measured intervals, allows the fine tune adjustment on a sub-centimeter scale. The machine 
works in a similar way to a microscope works where the body acts as a microscope’s arm, while 
the dowel rod acts as the objective lens of a microscope. Attached to the bottom of the rod is an 
electromagnet capable of holding an 1805g or approximately four lb. steel ball bearing, until the 
tester decides to turn off the current, allowing the ball bearing to drop. 
The machine, therefore, allows a four lb. steel ball bearing accelerated at the velocity of 
gravity across a predetermined height to strike each bone specimen at a specific location. The 
consistency of earth’s gravity in the laboratory setting, therefore, ensures control over the impact 
force when the ball bearing hits the stationary bone. The ball bearing is held by the 
electromagnetic current and allowed to stabilize before dropping. A rechargeable 12-volt battery 
powers the electromagnet, which is controlled by a switch, Turning the switch to the off position 
cuts the current to the magnet and drops the ball bearing. This allows the bearing to be released 
in a consistent manner from one test to the next. The use of the electromagnet also ensures that, 
unlike a pulley release system, the change in trajectory is minimized as the only friction and 
angle of drop exists when the switch is turned off and the magnetism stops.  
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The next step involved ensuring that the ball bearing consistently dropped in the same 
position, and if variation did occur, it was minimal. To test the consistency of the drop accuracy, 
the author placed three-inch diameter adhesive archery/firearm reactive targets on the anvil, and 
then measured a drop distances of 100 cm from the bottom of the steel ball bearing to the surface 
of the reactive target. After 50 drops the variation remained minimal (sub five millimeters), and 
although more widely spaced marks appeared on the target, further inspection revealed that these 
marks were created after the initial impact when the ball bearing bounced off the anvil.  
Prehistoric butchers often used anvils during marrow extraction, either placing them 
under the area where the hammerstone is to strike or under the ends on the element (Fisher 
1995:21; Johnson 1985:209-210; Miller 1989:386). The latter strategy, however, presents a 
series of difficulties. The most practical solution would be the use of a bench vice to hold the 
ends stable, yet a bench vice with the ability to open appropriately to the vertical length of an 
appendicular element is difficult to find and expensive to obtain. Instead, placing an anvil below 
the area of impact is easier to implement and this is the method chosen for this experiment.  
The anvil used in my experiment consists of a 17.5-inch-long four by four piece of 
lumber with a quarter inch thick and 14.5-inch-long piece of plate steel bolted to the top of the 
wood base. Attached to the bottom of the anvil is another board and a 1.4 and a 2.0 kg weight to 
stabilize it. The anvil is placed in a 58 cm long by 43 cm wide and 14 cm thick plastic container 
containing sand. The sand helps stabilize the anvil, while preventing force from transferring and 
damaging the linoleum lab floor. Importantly, people breaking open bone would hold those 
bones down to ensure it remained stationary. 
The anvil has five metal rods inserted through the four-by-four section of lumbar, which 
allows an anchor point to chain the bones down. Chaining bones down with quarter-inch thick 




Figure 3.2. The anvil used to hold down the bison bones. 
 
chain insures little to no movement, so the planned striking spot will remain as stable as possible 
when impacted. To ensure specimens remain stationary during impact, the ends of the anchor 
chains include quarter-inch thick quick links and eye hook turnbuckles. The turnbuckles are 
attached to a rod on one side, while S-hooks are attached to an adjacent rod on the same side and 
placed in the closest chain link to the bone; thus, when the turnbuckles are tightened the bone is 
held stationary, as seen in Figure 3.2. The use of turnbuckles also allows the tester to retighten 
bones, when necessary, and to readjust if repeated impacts cause slight movement between the 
bone’s area of impact (AOI) and the steel surface of the anvil.  
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Machine Design Justifications 
 
The design of the machine provides several benefits over experimentation with human 
testers or a spring-loaded device. A major problem with human testers is consistency-based 
issues, which can compromise meaningful results due to unforeseen variables. These issues 
include tester inexperience, differences in hammerstone size, material, and weight, and testers 
becoming more adept at marrow extraction over time. Disadvantages of using a machine that 
uses springs or elastic cordage to swing a hammer is a risk of deformation over time due to strain 
from tensile stress, which could affect the machines ability to create consistent strikes and make 
it difficult to gauge the rate of spring deformation (Halliday et al. 1997; Hosford 2010).While 
one could implement an Izod impact strength test, a pendulum-like machine that involves 
dropping a hammer at various heights to strike a material to determine its impact resistance, such 
a test become problematic when one considers the logistical issues of adding weight to the 
hammer, the need for more complex locking mechanisms to hold the hammer stationary, a larger 
frame constructed of dense and heavy materials, and a greater risk of injury when operating the 
machine. Unlike these alternative designs, an electromagnet eliminates such issues as it provides 
a more consistent, adjustable, straightforward, and efficient design. 
 
 
DETERMINING IMPACT LOCATIONS 
 
  
A question fundamental to this experiment revolves around where to strike each element.  
   38 
 
To determine where to best strike each element in a way most likely to mimic ancient butchery 
strategies, I quantified impact scar data using bone modification maps presented in several site 
reports. These document bone modifications to butchered bison remains from Hell Gap Locality 
I (Rapson and Niven 2009:Figure 9.7), Hell Gap Locality II (Byers 2009:Figure 10.11), Baker 
Cave (Breslawski 2014), Agate Basin: Main Folsom component (Hill 2001: Figure 3.17, Figure 
3.18), Clary Ranch (Hill 2001:Figure 4.33, Figure 4.34), Casper (Hill 2001:Figure 4.37, Figure 
4.38), and Spring Creek (Widga 2003:Figure 7.7, Figure 7.8). Each impact scar was categorized 
based on medial, lateral, dorsal and ventral aspects.  Impacts from each collection were then 
aggregated onto the bone maps, allowing these modifications to be placed into one of four 
categories based on aspect. 
The results showed the following patterns. The humeri displayed the most strikes on the 
 
Table 3.1. Combined impact scar aspect data as recorded by Rapson and Niven (2009), Byers 
(2009), Breslawski (2014), Widga (2003), and Hill (2001).   
 
Element Medial % Medial Cranial %Cranial Caudal %Caudal Lateral %Lateral 
Humerus 85 0.4 25 0.12 29 0.13 76 0.35 
Ulna 17 0.59 0 0 0 0 12 0.41 
Radius 30 0.2 68 0.46 20 0.14 29 0.2 
Metacarpal 2 0.13 9 0.6 4 0.27 0 0 
Femur 37 0.25 27 0.18 32 0.22 52 0.35 
Tibia 54 0.25 49 0.23 57 0.27 52 0.25 
Metatarsal 10 0.29 6 0.17 4 0.11 15 0.43 
Note: Anvil scars were not tabulated as these signatures do not necessarily indicate an area of percussion. 




Figure 3.3. Combined impact scar aspect data as recorded by Rapson and Niven (2009), Byers 
(2009), Breslawski (2014), Widga (2003), and Hill (2001). 
 
medial aspect (40%). The ulna displayed most impacts on the medial side (59%). The radius 
displayed the most impacts on the cranial side (46%). Impacts on the metacarpal occurred most 
on the cranial side (60%). The femur displayed the most impacts on the lateral side (35%), 
whereas the tibia displayed most impact scars on the caudal side (27%). Finally, the metatarsal 








Medial Cranial Caudal Lateral
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displays the most impact scars on the lateral side (43%). These numbers provide one dataset for 
guiding the impact side placement of the experimental specimens. Several elements also present 
upsides relevant to stable positions when placed on a flat surface.  
Aspects to hit were chosen by the most commonly struck aspect in the archaeological 
sample, unless the upside aspect of a stable position for an element was within 10% of the most 
commonly struck aspect. In these cases, the stable position was used instead. (Figure 3.3 and 
Table 3.1).  Striking aspects for two elements, the tibia and ulna, were so determined. Through 
this process, the following aspects were chosen as those for my impact experiments: humerus 
(medial), radius (cranial), ulna (lateral olecranon), metacarpal (cranial), femur (lateral), tibia 
(cranial), metatarsal (lateral). Finally, each specimen was struck at the midpoint of its diaphysis 






Having discussed the machine design and the rationale behind the choice of impact 
locations, I next outline my experimental protocol. Tested elements include the humerus, radius, 
ulna, metacarpal, femur, tibia and metatarsal. These specimens include green bison bones from a 
total of 20 animals, or 40 bones per element, with the exception of metapodials, in which case 
only 18 metatarsals and 18 metacarpals were available for analysis. Bones were obtained from 
ranches and butcheries in Wyoming (High Point Bison, Double J Signature Cuts, and Prairie 
Monarch Bison Ranch) and transported back to the USU zooarchaeological lab. Some cow bones 
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(comparable to bison bones) obtained from a local butchery source (Bridgerland Technical 
College) were used to calibrate the machine and create a coherent procedure to follow. 
Specimens were returned to the USU zoorchaeology lab and frozen in large freezers for later use. 
The first step of my experiment involved removing each bone from the freezer and 
allowing it to defrost. This often took between 12 to 24 hours, and a specimen was ready to use 
when its temperature was measured in the 50 - 60 °F range. Defrosting time often varied due to 
the amount of meat butchers left behind on the bone. I used an infrared thermometer 
(RadioShack 22-170 IR Thermometer 10:1) to document the temperature of the area to be struck. 
Once the flesh became soft, I disarticulated and discarded any extraneous elements, such as 
carpals, tarsals, astragali, and so forth, while cutting off remaining large pieces of muscle and 
tendons. Disarticulating these elements and cutting off pieces of soft tissue allowed me to 
properly measure the bones and reduce the mess created as bones were impacted by the ball 
bearing. I also removed periosteum near the area where the bone was to be struck, a native 
butchering behavior recorded by Binford (1978), and did so in a way that typically created a 
three to four-centimeter diameter window. Periosteum removal allowed me to clearly mark the 
impact location and better monitor and record impact damage. 
Once the bone was so prepared, I proceeded to document the species, the element, and 
the side.  The bone’s greatest length (GL) was measured using an osteometric board and divided 
by two, and a mark was placed on the aspect to be struck in the middle location. I used 
measurements as provided by Von den Driesch (1976) to record the proximal (Bp) and distal 
breadth (Bd) along with my own established dimensions of where the center mark was placed 
using the width and thickness (M). To find the midpoint of an ulna’s olecranon, I used the length 
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of olecranon (LO) and the smallest depth of the olecranon (SDO), as documented by Von den 
Driesch (1976:79-81).  
Each specimen was then placed upon the anvil, with the aspect to be struck facing up and 
the drop location target mark centered below the ball bearing. Typically, the bone was placed 
perpendicular to the anvil so that the area opposite (180°) to the point of impact would be 
touching the plate steel. Next, the specimen was chained down with two chains and then 
tightened via the turnbuckles to make sure the specimen remained firmly in place and stationary. 
I then used a plumb bob to target the ball bearing on the impact location. To do so, a string was 
run through a small tube attached to the center of a magnet that placed it in the middle of the 
electromagnet, so that the plumb bob would center the electromagnet on the area to be struck. 
The specimen and anvil platform were adjusted accordingly. I then used a laser line level 
attached to a tripod to mark the location when the plumb bob was directly above the area of 
impact, which allowed me to adjust the bone’s location without having to always rely on setting 
up the plumb bob. However, the plumb bob was always used on the tenth strike to ensure that the 
specimen had not moved, or at any other time deemed necessary to ensure a consistently located 
impact site. The vertical dowel rod holding the electromagnet was then adjusted to ensure a 
consistent drop distance of 100 cm measured from the bottom of the ball bearing to the top of the 
specimen.  
The experiment based the drop height on the feedback of two test events using the USU 
biomechanics lab with the permission and supervision of Dr. Bressel and graduate student 
Michael Vakula. The first test used five people in turn hitting a board over a force plate 5 times 
each with a 547 g and a 757 g hammerstone; the test drops from various heights showed that the 
heights that most closely correlated with human tester-generated force was 70 cm and 100 cm 




Figure 3.4. Example of impact scar created when breaking the humerus. 
 
respectively. The next test used six testers to strike boards and a cow bone over the force plate, 
and the results confirmed the data obtained in the original test. However, breakage test results in 
the USU zooarchaeological laboratory from the 70 cm height on green cow bones showed little 
to no damage after numerous (over 100) strikes, and instead resulted in a higher rate of 
equipment failure over time (e.g. bent anchor hooks). Thus, I increased the threshold and set the 
drop at 100 cm from the bottom of the steel ball bearing to the top of the impact point.  
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Before conducting any strikes, I filled in the following information on a spreadsheet used 
to document each specimen and its performance under test. First, I recorded species, element, 
side, aspect, and portion to be struck. From correspondence with the ranches, I knew that all of 
the specimens came from bulls around two years of age, so these categories were not included on 
the data sheet. Next, I captured (in millimeters) the following measurements: GL, Bp, M, Bd, 
and in cases of ulnas the LO and SDO. Once the bone was anchored to the anvil I calculated and 
recorded the temperature in both Celsius and Fahrenheit. I also included a column to note any 
specific issues with bones such as dried periosteum or any important observations not related to 
breakage itself.   
I recorded the number of strikes needed to achieve structural failure of each specimen’s 
diaphysis, noting any major changes at any specific strike. For example, if cracks in the bone 
changed on an easily discernable macroscopic level, I recorded the strike number at which those 
events occurred. When breakage occurred, the tally was summed, and the marrow extracted from 
the specimen. However, it is important to note that in numerous instances, some bone broke open 
via a large fragment on one side, which allowed access to marrow but did not break the bone in 
half; when this occurred, it was documented. Marrow was removed from the medullary cavity, 
weighed, and the grams of marrow recorded. Additionally, I measured cortical bone thickness 
(millimeters) at or as close to the AOI on the same aspect as possible. However, serious flaws 
occurred with trying to compare this measurement, as typically the broken area became too 
fragmented or deformed to measure the exact thickness at AOI. The closest cortical bone 
thickness that might be used as a proxy does not necessarily reflect that at the AOI, as increases 
or decreases of several millimeters can occur, which severely impacted the analysis results and 
interpretations. 





Comparing the resiliency of elements required the use of t-tests on the number of strikes 
per element to see if any significant difference existed (Drennan 2009; Shennan 1988). Initial 
analysis used box plots, which compared strikes per whole element to see where the medians, 
upper quartile, and lower quartile lay in a cross-element strike-to-failure comparison. If 
resiliency is expected to have little effect on the processing time and is a factor in decision 
making, then the box plots should have little variation between them (e.g. the median and the 
interquartile range). However, if significant differences occur this means that bone resiliency 
may play an important role in conditioning processing effort. If significant differences exist in 
the number of strikes to open bones, then they can be compared to bison utility indices outlined 
in Emerson (1990) and bison bone density values (Kreutzer 1992), along with marrow weights 
recorded by the author, to create more comprehensive utility ranking, which improves 
understanding procession decisions made by hunter-gatherers. Through this, bones, and the 
associated portions/aspects, can be charted through simple regression or cluster analysis in order 
to see what relationship exists between resiliency and utility, which might show bone 
architecture plays a larger role in the actual strength of bones. (Drennan 2009; Shennan 1988).    
The use of a machine with an electromagnetic dropping system of a ball bearing onto a 
bone strapped to an anvil helped ensured consistency of results presented in the next section. 
Using the impact scar locations from past archaeological research, I summarized the data to 
determine, on an element-by-element basis, which aspects to strike (except for some bones 
presenting logistical issues unless struck from a particular aspect). I then followed a standard 
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procedure to record basic characteristics of the bone, perform measurements, and record strikes 
and physical changes to the bone as the experiment was being conducted. The results of the 
experiment are explained and discussed in the subsequent section and sections.  
  
   47 
 




 The previous chapter discussed the methods guiding my experimental study. My 
experiment tested over 200 bison appendicular elements, resulting in a large dataset. This chapter 
provides an overview of the data and the patterns therein. In this chapter, I discuss how different 
strike categories were established, the number of strikes needed to open marrow bearing 
elements, and finally, the relationship between strikes to open an element and marrow utility. 
The results of the experiment involved breaking 266 bison appendicular elements 
Specifically, my sample included 40 elements each for femora, humeri, tibiae, ulnae, and radii, 
as well as 18 elements each for metacarpals and metatarsals. I note that the latter elements’ lower 
specimen count arose from the difficulty and cost of obtaining bison metapodials due to USDA 
regulations preventing butcheries from selling the most distal portions of limbs. Another 
difficulty was that the ranches that could provide the foot bones typically had smaller herds and 
slaughtered irregularly, making timeliness a concern as a larger sample would add to travel and 
shipping costs. Despite the fact that most distal elements came from different bison, all 
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NUMBER OF STRIKES 
 
 
The most important variable in the experiment was the number of strikes required to 
break open an element, because number of strikes provided a proxy for bone resiliency. 
Combining the multiple tests for each element group, the bones can be ranked by number of 
strikes, which represents the effort needed to open bones. Importantly, the data outlined here 




Figure 4.1. Box Plot of Strikes to Failure per Element. 
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and the marrow produced from an individual bone. In my discussion chapter, I use these data to 
construct by-element return rates reflecting the cost-benefit ratios for extracting marrow from the 
bison appendicular skeleton. 
To begin with, several patterns emerged from the bone breakage experiment. Among  
most elements (humerus, femur, tibia, metacarpal, and metatarsal), mean strikes needed to failure 
(STF) totaled less than 50 (Table 4.1 and Figure 4.1). The elements that took the most strikes to 
break in half were the ulna (mean of 118.95), the radius (mean of 60.45) and the 1st phalanx 




Figure 4.2. Box Plot of Strikes to Expose Marrow per Element.  
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of 3.67), humerus (mean of 17.32 or 11.54 when removing the two outliers), and the tibia (mean 
of 12.02). When examining strikes to failure across the bison appendicular skeleton, median and 
mean values show a strong positive correlation, which is demonstrated by a Spearman’s 
correlation of rₛ = 0.95 p = 0.001, suggesting that these two statistics contain the same 
information. 
As noted above, I used two standards to document element failure. The first was strikes 
to failure (STF), a measure that documents the number of strikes needed to fracture a specimen 
such that the proximal and distal ends no longer connect. The second, strikes to expose marrow 
 















Humerus 17.29 7.0 17.32 7.0 97.90 91.0 
Radius 39.57 35.0 60.45 54.0 66.60 65.5 
Ulna 117.95 107.5 118.95 107.5 3.45 0.0 
Metacarpal 10.72 10.5 13.00 12.0 22.56 22.0 
Femur 3.67 2.0 3.67 2.0 100.67 96.5 
Tibia 11.71 9.0 12.02 9.0 115.93 114.0 
Metatarsal 18.78 16.5 21.61 19.0 27.06 27.0 
1st Phalanx 59.55 47.5 60.05 51.0 3.80 4.0 
Ulna *adjusted* 108.50 103.5 111.13 103.5 9.06 8.0 
Note: That the adjusted Ulna count includes only those which had the marrow cavity opened during failure as only 
those had meaningful marrow weight returns. 
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 (SEM), represents a second metric. In this case, SEM measures the number of strikes needed to 
expose the marrow cavity, regardless of whether or not this resulted in complete diaphyseal 
failure. For some elements, the metapodials and the radii for example, strikes to failure (STF) 
ends up being a superfluous quantification since marrow cavities were often fully exposed well 
before complete diaphyseal failure. Among most elements (femur, tibia, metacarpal, humerus, 
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and Figure 4.2). The elements that took the most strikes to break in half were the ulna (mean of 
117.95), the radius (mean of 39.57) and the 1st phalanx (mean of 59.55). The elements that took 
the least strikes to break were the femur (mean of 3.67), humerus (mean of 17.29 or 11.54 when 
removing the two outliers), and the tibia (mean of 11.71). When examining strikes to failure 




Figure 4.4. Histogram comparing overall experimental SEM to STF results.  




Figure 4.5. Plot comparing mean SEM to STF results.  
 
correlation, which is demonstrated by a Spearman’s correlation of rₛ = 0.933 p = 0.001, 
suggesting that these two statistics contain the same information. 
Figure 4.3 presents bar plots displaying both SEM and STM values. When comparing the 
two measures, there is little difference between them. Figure 4.5 presents a scatterplot displaying 
the by-element relationships between mean SEM and STF values. Generally, the only noticeable  
difference between the two measurements involves the need for approximately 20 more strikes to 



















The product of the culinary activity of breaking a long bone open is marrow and marrow 
weight can act as a proxy for nutritional value. Marrow weight varies both within element 
specific samples and between the various elements used in the experiment. The humerus had the 
greatest within group variation, ranging from 57 g to 162 g. In contrast, the radius has the least 
amount of variation out of the four highest marrow elements, varying from 49 g to 86 g. When 
comparing mean marrow weights, the tibia, femur, and humerus (115.93, 100.67, and 97.90 g 




Figure 4.6. Box Plot of Each Element’s Marrow Weights.  
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ulna (3.73 and 3.45/9.06* g respectively) the least. Both the within and between group  
differences in the eight appendicular elements stem from variability in marrow vault 
morphologies. Additionally, not all ulna marrow cavities could be easily accessed due to the 
breakage and small size of the marrow cavity. Subsequently, the ulna data were modified to 
include only those specimens for which the marrow cavity was exposed (Table 4.1). When 
examining marrow weight, median and mean values show a strong positive correlation, which is 






























Humerus Radius Ulna Metacarpal Femur Tibia Metatarsal 1st Phalanx
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statistics contain the same information. 
Marrow weight fell into three general groups. The skeletal elements with the highest 
mean marrow values include the tibia, humerus, and femur respectively (Figure 4.6). In these 
cases, each element produced, on average, at least 90 g of marrow. A medium category 
comprising the radius, metatarsal, and metacarpal respectively, with the radius averaging about 
65 g of marrow and the metapodials averaging between 20 to 30 g of marrow per element. The 
lowest category includes the ulna and the 1st phalanx, which on average produce less than 10 g 
of marrow per element. These data show a general pattern of higher marrow weights for 
proximal limb bones and lower weights for distal limb elements.  
 
 
THE RELATIONSHIP BETWEEN PROCESSING EFFORT AND MARROW WEIGHT 
 
 
 Looking at scatter plots an interesting trend appears, primarily in the location of two 
distributions. Figure 4.7 displays the relationship between SEM and marrow weight. This plot 
shows a negative relationship between SEM and marrow weight. In other words, the lower-
ranked marrow bones require more strikes to open. In this case, the phalanges, ulnae, 
metacarpals, and metatarsals take a great deal of effort to open in exchange for a relatively small 
amount of marrow, while the humerus, radius, femur and tibia require relatively less effort to 
open in exchange for significantly greater amounts of marrow. Interestingly, the high and low 
yield elements, with the exception of the ulna, sort into proximal and distal limb elements 
respectively. Put another way, proximal elements produce higher marrow yields for less effort  




Figure 4.8. Scatter plot comparing SEM calculations to Thickness (mm) of an individual 
element.  
 
than their more distal counterparts. Another way to test SEM to marrow weight results against 
archaeological rankings is to plot each bone according to its rank and to observe the distribution 
of SEM- to-marrow weight for individually broken bones (see Figure 4.9).  
When using box plots to rank order the elements, these differences can be visualized 
more clearly (see Figure 4.10 to 4.12). The box plots generally show three areas of similarity 




























Humerus Radius Ulna Metacarpal Femur Tibia Metatarsal 1st Phalanx




Figure 4.9. Plotted SEM to Marrow Weight by Element Archaeological Impact Ranking. 
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femur, humerus, and tibia, a lower level which includes radius, metacarpal, and metatarsal, and 
the lowest of which is the phalanges and the ulnae. Simply grouping bones into upper limb 
(humerus, femur, radius, ulna and tibia) and footbones (metacarpal, metatarsal, and 1st phalanx) 
and running a Mann-Whitney U test (two-tailed) returns a value of -1.471 and a p-value of 0.142, 
which is not significant at a 0.05 significance level, but still points to a slight difference between 
the two groups. If one removes the ulna, as its marrow cavity is atypical from the upper limb 
bones the Mann-Whitney U test (two tailed) returns a value of -4.09857 and a p-value <0.001, 
which is statistically significant at a 0.05 significance level. The latter categorization indicates 




Figure 4.10. Box plot of element marrow weight ranked by Archaeological Impact Ranking. 
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If the bones are separated into three categories of proximal (humerus and femur), middle 
(radius and tibia), and distal (metacarpal, metatarsal, and 1st phalanx) limb bones, a comparison 
of the SEM distribution between the proximal and middle appendicular elements produces a 
Mann-Whitney U value of -7.457 and a p-value <0.001, which is statistically significant. A 
comparison of the SEM values for middle and distal limb bones returns a Mann-Whitney U 
value of -0.26839 with a p-value of 0.78716, which is not significant at a 0.05 significance level. 
Generally, the SEM counts, with the exception of the tibia, are most different between the upper 
limbs and the middle or lower ones.   
 
Figure 4.11. Box plot of Strikes to Expose Marrow ranked by Archaeological Impact Ranking. 
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Finally, I plotted the relationship between SEM and bone thickness at impact point 
(Figure 4.13). While a slight positive relationship exists when using the mean SEM to Thickness 
data (rₛ = 0. 5476 p = 0.20), the two humeri outliers seriously skew the mean. When removed this 
comparison failed to demonstrate any relationship, positive or negative (rₛ = 0. 5238 p = 0.50). A 
Mann-Whitney U test was conducted on all elements except the ulna, because it involved 
striking the olecranon (cancellous tissue), which has a small marrow cavity inside it, thus the  
 
 
Figure 4.12. Box plot of Experimental Return Rate by Archaeological Impact Ranking. 
 
   62 
 
thickness considered the entire width. Such a situation makes the comparison of the olecranon to 
cortical bone of the diaphysis inappropriate. The Mann-Whitney U test between the cortical bone 
thickness of leg and foot bones led to a z-score of -0.353 and a p-value of 0.726, which is not 
statistically significant. Therefore, it is unlikely that thickness (density) is a factor in the 
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Temperature Issues 
One area that could potentially affect the lack of correlation with SEM variability and 
density is temperature of the bone. Bones were kept in freezers and then defrosted to reach an 
ideal temperature of 15.6 °C (60 °F). However, the temperature at preparation and cleaning often 
varied around this ideal, meaning that not every bone was at the same temperature when tested. 
This variability is problematic because colder bones may be more brittle and break more readily, 
while warmer ones should more readily absorb energy and require a greater number of impacts 
to open, while prolonged freezing can result in tissue degradation (Karr and Outram 2012a, 
2012b, Outram 2002). However, a comparison of mean SEM with mean specimen temperature 
failed to identify a relationship between the two measures, suggesting that within the context of 
this experiment, bone temperature does not mediate SEM (rs = -0.585, p = 0.160). Note however, 
that the sample of phalanges was processed at a different time of year, which resulted in an 
average temperature of about three °C higher that the rest of the sample and required on average 
the second highest effort level to open. Keeping these bones stationary was also increasingly 
difficult due to their smaller size and the consequent difficulty of having to reposition and rebind 
the phalanx after each drop. Given these observations, these specimens were removed from the 
temperature/SEM comparison and the test run again. This adjustment did not shift the results 
and, instead, the correlation becomes even less meaningful (rs = -0.429, p = 0.133). 
The experiment showed that the differences between STF and SEM are superfluous; 
however, the latter is more appropriate a measure as some bones, particularly the radius, often 
can have the marrow cavity exposed but the bone has not been split in half. Generally, the bones 
with higher marrow yields take fewer strikes on average to break open to expose the marrow. A 
negative trend between marrow weight and SEM exists, where the more strikes that an element 
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takes to break open the lower the marrow yields. Additionally, the experimental results 
documented that relations between SEM and bone density (thickness) along with SEM and 
temperature are inconclusive. 
The next chapter discusses the implications of the results generated from the experiment 
and how archaeologically recorded impact scars are likely a function of marrow utility and result 
from prehistoric butchers trying to break open as much of the marrow cavity of high marrow-
yielding bones.  
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CHAPTER 5 
 DISCUSSION AND CONCLUSIONS 
 
 
After breaking over 250 appendicular elements, my results presented several interesting 
trends, such as the highest marrow yielding bone taking less strikes to break open. This is an 
important observation, because past research has shown an inconclusive relationship between 
bone density and resiliency (Breslawski and Byers 2015). My research provides additional 
insight into the relationships between processing effort, bone resiliency and nutritional utility. In 
short, bone density and the effort needed to open marrow-bearing elements appear unrelated.  In 
fact, my results show that the highest-ranking marrow bones, despite relatively high bone 
densities, required significantly fewer strikes to open than lower-ranked bones, a result I find 
most interesting.  
In this chapter, I further discuss my results and their implications for understanding 
processing intensity. To do so, I discuss the creation of a simple return rate (utility index) to 
quantify processing efficiency by calculating the by-element average marrow weights and then 
dividing them by the average by-element strikes to expose marrow (SEM). I call this Strikes to 
Marrow Weight or STMW. The mean is then used to rank elements from the most to the least 
efficient to target for marrow extraction. Next, I point out issues in using bone mineral density 
within the context of bone breakage analyses. Finally, I use archaeological %IPE and MNE 
counts where available from past archaeological research to create an ordinal ranking system of 
which bones, on average, display the highest number of impact scars per element, because this 
metric allows me to compare the experimental and the archaeological records.  
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Impact Scar Frequencies and Marrow Utility: Processing Intensity or Bone Resiliency?  
 
My initial goal was to better understand if variability in impact scar frequencies is 
conditioned by nutritional decisions or bone resiliency. My results found that the most resilient 
bones are also those with the lowest marrow weights, while the less resilient ones offer the 
highest marrow weights. This relationship suggests that the higher frequency of impact scars on 




Figure 5.1. Box plot of STMW values separated by element. 
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nutritional motivations. Instead of needing multiple striking points to simply break open the 
element, due to high resiliency, additional impact scars occur to break open a bone more fully to 
expand the opening of an exposed marrow cavity to more easily extract marrow. A bone already 
fractured has the structural integrity compromised making additional fragmentation easier for 
prehistoric butchers to capitalize on by striking at areas of cortical bone fissuring. 
I use a simple return rate (utility index) called Strikes to Marrow Weight (or STMW) to  
 
Table 5.1. STMW Data and Archaeological Data of Appendicular Elements. 
 
















Humerus 17.29 97.90 20.66 2 1 111 128 
Radius 39.57 66.60 2.35 5 4 102 63 
Ulna 117.95 3.45 0.05 9 7 78 12 
Metacarpal 10.72 22.56 2.46 4 6 51 15 
Femur 3.67 100.67 46.60 1 2 62 66 
Tibia 11.71 115.93 14.87 3 3 119 123 
Metatarsal 18.78 27.06 2.33 6 5 62 28 
1st Phalanx 59.55 3.80 0.11 8 N/A N/A N/A 
Humerus*adjusted 11.54 96.62 21.67 2* 1 111 128 
Ulna *adjusted 108.50 9.06 0.12 7 7 78 12 
 Note: Adjusted specimens are the result of removing the two highest SEM outliers in the humerus category and only 
including ulna which had their marrow cavities opened after breakage. 
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quantify processing efficiency by dividing the average by-element marrow weights by the 
average by-element SEMs (Table 5.1). As each bone has a unique SEM to Marrow Weight 
relationship, every bone has a unique STMW value based on this relationship. As such, STMW 
averages were generated through the mean and one can view the STMW as the average amount 
of marrow gained per average strike (time) needed to break open an element. Overall, the femur, 
humerus, and tibia had the highest STMW values (Figure 5.1). Simply put, less effort is needed 
to obtain marrow from these elements as opposed to the distal long-bones and phalanges, which 
contain less marrow but require more effort to break. In fact, return rates for the distal set 
diminish rapidly as one moves further away from the body. 
My research has shown that impact scar frequencies are best read as resulting from 
processing effort directed at nutritional utility. If so, then archaeological specimens representing 
higher-ranking elements should display higher numbers of impact scars, a relationship borne out 
by the archaeological data. While the frequency of impact scars across a single element in an 
assemblage may reflect resiliency, a hypothesis not tested here, the scars related to an individual 
bone indicate processing related to more easily extract marrow. 
 
Archaeological Breakage Patterns 
 
Finally, I compared the ranking of impact scars per element (%IPE, Breslawski and 
Byers 2015) to those of by-element SEM values as seen in several archaeological circumstances 
Using the archaeological record of a select number of bison kill sites, I established a ranking 
system to classify each element into a unique categorical ranking based on the %IPE. This 
measure is defined as the total by-element frequency of impact scars divided by minimum  
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Table 5.2. Archaeological Tabulation of %IPE based on Site Reporting. 
 















Scars IPE %IPE 
Humerus 50 9 10 42 111 128 1.2 1.0 
Ulna* 44 5 8 21 78 12 0.2 0.1 
Radius 57 7 13 25 102 63 0.6 0.5 
Metacarpal 15 5 10 21 51 15 0.3 0.3 
Femur 25 8 11 18 62 66 1.1 0.9 
Tibia 69 9 12 29 119 123 1.0 0.9 
Metatarsal 31 5 7 19 62 28 0.5 0.4 
Note: Only data from research which included MNE in its tabulation was included, see Bake Cave (Breslawski and 
Byers 2015), Hell Gap Locality II Agate Basin (Byers 2002), Agate Basin (Hill 200l), and Clary Ranch (Hill 2001). 
 
number of elements (MNE), which is then scaled from zero to 100. My sample for this analysis 
includes the bison remains from Bake Cave (Breslawski and Byers 2015), Hell Gap Agate Basin 
Locality II (Byers 2002), Agate Basin (Hill 2001), and Clary Ranch (Hill 2001). These 
collections are sufficiently well documented for me to collate MNE and impact scar totals for 
each element. Using these data, I calculated %IPE and used this metric as an ordinal scale 
ranking of impacts to the marrow bearing bones in my archaeological sample. 
Generally, %IPE archaeological rankings mirror the STMW utility index, as shown in 
Figure 5.1. Performing a Spearman’s correlation on the rankings, in this case using the adjusted 
ulna results and classifying the 1st phalanx as 8th in the archaeological rankings, results in rₛ = 
0.905 p = 0.01, suggesting that these two ranking systems contain the same information.  
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Table 5.3. Archaeological %IPE compared to experimental STMW results. 
 
      Experiment Results  








Humerus 1.2 1.0 7.0 91.0 13.25 
Ulna* 0.2 0.1 107.5 8.0 0.08 
Radius 0.6 0.5 35.0 65.5 1.82 
Metacarpal 0.3 0.3 10.5 22.0 2.05 
Femur 1.1 0.9 2.0 96.5 45.75 
Tibia 1.0 0.9 9.0 114.0 13.75 
Metatarsal 0.5 0.4 16.5 27.0 1.54 
Note: Ulna Marrow Weight and STMW includes only the specimens where the marrow cavity was exposed. 
 
However, some discrepancies and issues exist when comparing the experimental and 
archaeological data. For example, lower archaeological MNE counts of humeri might reflect 
taphonomic destruction, which can deflate final tabulation totals. The lower experimental 
STMW ordinal ranking of the radius to that of the archaeological impact ranking likely reflects 
the fact that the area of impact was the same during the implementation of the experiment, while 
prehistoric hunters would likely continue to strike at the outer peripheries where concave 
deformation occurred for increased efficiency. Thus, my experimental results may not fully 
represent the archaeological phenomenon in this instance. Additionally, analysis of the phalanx 
is also problematic because the referenced collections fail to report impacts to phalanges. This 
data gap leads to their exclusion regarding ranking from archaeological assemblages because  




Figure 5.2. STMW based on %IPE. 
 
with no data present, any placement could be in error. Ultimately, the utility index largely 
reflects the archaeological impact ranking, where bones which are easier to break open have 
higher marrow yields and archaeologically have a higher %IPE, indicating impact scars reflect 
the nutritional utility of the bone as opposed to density. 
In the final section I discuss ways that future experiments could be applied and 
implemented to provide data that allows for a better understanding of the structural weaknesses 
of long bones when hammerstone processing is applied to break open the appendicular elements 
to extract marrow. Understanding what causes some appendicular bones to break easier than 
others seems a fitting way for future research to explore. A better understanding of the structural 
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processes prehistoric hunter-gatherers made in the past under various scenarios. Improved 
information on bone resiliency can provide information that allows the placement of impact scars 






Several archaeological sites located in the Great Plains and the Snake River Plain have 
bison faunal assemblages with a disproportionate number of appendicular elements to axial 
elements. Previous research by Byers (2002) along with Breslawski and Byers (2015) indicates 
that these assemblages reflect marrow-seeking strategies that would occur during periods of 
resource scarcity, where marrow would become an essential dietary staple to survive harsh 
winter months. The appendicular elements at these sites typically display impact scars as marrow 
could be extracted via hammerstone percussion. Yet, the behavioral motivations behind 
variability in impact scars has been unclear, do they signify marrow utility or bone resiliency? 
My thesis addressed this question through an experiment, which utilized a controlled research 
design and large sample size.  The use of electromagnetic drop machine to break a large bison 
assemblage led to the quantifications of strikes needed for the deformation/exposure of the 
marrow cavity of each bone.  
The experiment conducted in this thesis serves to explain the presence of impact scars 
and the significance of their frequency in bison assemblages. The results show that less strikes 
are needed to break open the highest marrow yielding bones, which indicates that impact  
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scar frequencies are better read as a function of nutritional utility than resilience to processing. 
Simply put, bones that have higher marrow yields, overall, were easier to break open than bones 
with lower marrow weight. In this case, high impact scar frequencies likely represent an effort to 
thoroughly harvest marrow from the highest marrow-yielding elements of the bison skeleton. 
Bones that would be both difficult to open and yield less marrow would therefore display fewer 
impact scars and lower %IPE values. Consequently, the effort needed to break open lower 
ranking bones would only be applied at sites when severe conditions of resource scarcity would 
require extracting as much marrow was possible. It is therefore logical that circumstances 
motivating fat seeking behaviors will result in archaeological assemblages displaying not only 
high numbers of impacts to proximal long bones, but also impacts to lower ranked, harder-to- 
process bones as well.  
My experiment also suggests that finding better ways of measuring bone resiliency can 
help create better hypotheses and understandings of hammerstone percussion as it relates to 
marrow extraction. The results show that while bone mineral density is a strong indicator of 
taphonomic destruction, as documented by Lyman (1984) for faunal remains, such a 
measurement is not as useful when trying to comprehend behaviors surrounding breaking bones 
open to extract marrow. Breaking fresh bone displays a different type of resiliency when impacts 
are directed to the diaphysis as opposed to the long-term destructive forces that cause 
degradation via deposition of faunal remains. 
After recording deformation over time, several patterns begin to emerge as the striking 
point of the chosen aspect often led to predictable failure patterns. Three major types of failures 
were observed as specimens separated int proximal and distal halves. The first type is 
perpendicular/slight diagonal failure, this breakage goes either almost perpendicular to the AOI 
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or is slightly diagonal at less than 45°. The femur, humerus, and ulna represent the highest 
percentage of this type of breakage 92.86%, 70.73%, and 66.67% respectively. All other long 
bones perpendicular breakage occurs less than 20% for each element. 
The second type I classify as diagonal breakage, which differs from perpendicular and 
slight diagonal breakage as the angle at the AOI is between 45° to 90°. Diagonal breakage, 
generally, exposes much more of the length of the marrow cavity, which would allow less effort 
to remove the marrow post bone failure. Interestingly, some elements like the metapodials will 
break through the epicondyle almost perfectly parallel with the length of the bone from the AOI 
but break at the distal condyles at an angle. The most common bone to experience this type of 
breakage is the tibia, occurring in 78.05% of all specimens.   
  The third type is what I call concave fracturing, which occurs when the cortical bone 
begins to deform and create a concave depression at the AOI. The breakage occurs the most in 
the following elements radius (71.43%), metacarpal (77.78%), and metatarsal (55.56%). 
Generally, the fracturing in this form of failure results in the most fragmentation, where the AOI 
is often obliterated due to the splintering and the many fragments created from the deformation. 
The ulna, while deforming concavely, typically breaks either perpendicularly or diagonally. 
Ultimately, future research could focus on data such as this to better understand bone failure due 
to hammerstone percussion. 
While an exploratory experiment, this thesis has provided a blueprint that can be utilized 
to better understand relationships between bone characteristics, such as resiliency and prehistoric 
butchery behavior. I argue that there is still work to be done and that further experiments should 
be conducted to understand how bone architecture conditions processing decisions. In fact, I see 
three areas of further study based on the results of this experiment: 1) understanding the 
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relationships between resiliency, marrow cavity size, and cortical bone thickness; 2) cancellous 
tissue resiliency to impact; and 3) how bone features (e.g. tibial crest) can direct energy and 
condition breakage patterns. The latter can also be applied to internal structure as well, for 
example, the two humeri outliers (requiring over 100 strikes) had internal cortical silica-like 






 The experiment conducted shows that hammerstone percussion to extract marrow from 
appendicular elements has a positive relation between high marrow-yielding elements and ease 
of breaking open. The results from the test mirror the archaeological record quite closely, with a 
few discrepancies such as the ranking difference between the femur and humerus. Bone mineral 
density, while a strong measurement for bone destruction through taphonomic processes, is not a 
strong indicator for resiliency as it relates to hammerstone percussion. Bone mineral density 
seems to be a better indication of destructive forces over long periods of time than for how an 
impact will deform green bone. That bones from archaeological contexts that were easier to 
break open display the highest numbers of impacts seems to indicate that hunters were 
attempting to thoroughly break open the high marrow-yielding bones to extract as much marrow 
as they could.  If so, it follows that if an assemblage contains highly impacted and/or 
fragmentary lower utility elements that were more difficult to open, then the site occupants may 
have been experiencing nutritional stress.  
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 While this thesis presents an exploratory analysis, it also provides a roadmap for future 
research on hammerstone percussion as it relates to human hunting and butchery. Other 
questions can be derived from the investigation into bone resiliency. Using a holistic approach 
including fields such as biomechanics has the potential to bring about a better understanding of 
the behavior of prehistoric hunters and butchers concerning marrow extraction. Perhaps future 
research could achieve a better understanding of ways in which certain conditions could lead to 
specific marrow extracting practices of prehistoric hunters observable in the archaeological 
record. 
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BISON BONE BREAKAGE 
S1 Table of All Bones Broken in Experiment 
Element Side 
Length 
(mm) Temp (F) STMW 
Marrow 
Weight STF SEM 
Thickness 
(mm) 
Humerus Right 346 58.0 11.40 57 5 5 12.25 
Humerus Left 347 61.5 2.96 68 23 23 9.34 
Humerus Right 390 56.0 1.46 70 48 48 13.01 
Humerus Left 320 59.0 8.88 71 8 8 11.05 
Humerus Left 329 59.0 23.67 71 3 3 11.53 
Humerus Left 344 62.5 36.50 73 2 2 7.45 
Humerus Right 370 60.0 7.50 75 10 10 14.34 
Humerus Left 333 55.5 18.75 75 4 4 8.47 
Humerus Right 348 64.5 37.50 75 2 2 6.51 
Humerus Left 379 58.5 1.17 76 65 65 15.20 
Humerus Right 390 57.5 2.05 76 37 37 13.61 
Humerus Left 373 59.5 3.38 81 24 24 13.70 
Humerus Right 381 59.5 3.46 83 24 24 15.70 
Humerus Left 392 61.0 7.64 84 11 11 9.00 
Humerus Right 364 59.0 10.63 85 8 8 13.74 
Humerus Right 327 59.0 21.25 85 4 4 10.82 
Humerus Left 331 58.0 28.33 85 3 3 11.10 
Humerus Right 380 59.5 4.89 88 18 18 10.32 
Humerus Left 345 58.0 12.86 90 7 7 13.82 
Humerus Right 327 57.0 30.00 90 3 3 9.90 
Humerus Right 334 57.0 30.33 91 3 3 12.37 
Humerus Left 330 61.5 45.50 91 2 2 10.53 
Humerus Left 331 58.0 46.00 92 3 2 10.75 
Humerus Right 351 56.5 15.50 93 6 6 11.93 
Humerus Left 365 58.0 14.14 99 7 7 14.16 
Humerus Left 380 59.0 0.70 103 148 148 12.45 
Humerus Left 384 55.5 11.44 103 9 9 11.91 
Humerus Right 331 61.5 34.67 104 3 3 9.76 
Humerus Right 335 62.0 105.00 105 1 1 11.84 
Humerus Left 366 60.0 12.44 112 9 9 13.42 
Humerus Left 337 63.0 28.00 112 4 4 9.89 
Humerus Right 344 59.0 58.00 116 2 2 10.98 
Humerus Left 396 53.5 9.75 117 12 12 14.63 
Humerus Right 339 59.0 23.40 117 5 5 9.77 
Humerus Left 334 61.5 43.33 130 3 3 11.14 
Humerus Left 385 60.5 4.37 131 30 30 13.52 
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Humerus Right 371 61.0 6.57 138 21 21 10.99 
Humerus Right 335 58.5 46.00 138 3 3 9.29 
Humerus Right 385 58.0 1.29 143 111 111 13.37 
Humerus Right 388 61.5 13.25 159 12 12 15.33 
Humerus Right 385 62.5 23.14 162 7 7 12.98 
Radius Right 357 60.0 0.89 49 55 55 8.87 
Radius Left 315 58.5 1.70 51 47 30 8.26 
Radius Left 319 57.0 1.93 52 27 27 8.08 
Radius Right 320 59.0 1.04 54 88 52 9.45 
Radius Right 318 59.0 0.87 55 68 63 9.89 
Radius Left 306 57.5 1.34 59 68 44 10.68 
Radius Left 335 59.0 3.11 59 27 19 7.34 
Radius Left 319 60.0 0.97 60 121 62 8.63 
Radius Left 316 56.0 1.76 60 34 34 8.99 
Radius Right 331 63.5 1.24 61 82 49 9.84 
Radius Right 310 58.5 1.33 61 74 46 10.20 
Radius Right 315 57.5 1.85 61 42 33 11.60 
Radius Right 320 59.5 4.07 61 19 15 9.64 
Radius Right 328 57.5 4.36 61 30 14 7.53 
Radius Left 318 60.0 1.05 62 59 59 8.21 
Radius Left 321 61.0 2.95 62 39 21 7.84 
Radius Left 331 56.5 0.75 63 84 84 7.27 
Radius Right 315 63.5 3.71 63 40 17 9.73 
Radius Right 332 58.0 1.18 65 63 55 7.80 
Radius Right 319 59.0 3.10 65 54 21 9.49 
Radius Left 318 59.0 3.82 65 27 17 8.39 
Radius Left 316 62.5 3.14 66 67 21 8.59 
Radius Left 329 57.0 2.31 67 34 29 8.59 
Radius Left 315 61.5 2.58 67 50 26 8.70 
Radius Right 311 57.5 8.38 67 17 8 7.42 
Radius Left 329 62.0 0.80 68 124 85 9.67 
Radius Right 326 60.5 1.24 68 82 55 8.91 
Radius Right 316 60.0 1.36 68 72 50 7.58 
Radius Left 316 62.0 2.56 69 39 27 9.45 
Radius Right 315 59.5 5.31 69 23 13 7.62 
Radius Left 326 61.0 1.09 71 90 65 10.45 
Radius Left 333 63.5 1.72 74 93 43 8.33 
Radius Right 329 60.0 1.85 74 120 40 9.60 
Radius Right 333 62.0 4.93 74 16 15 7.15 
Radius Left 345 62.5 4.41 75 30 17 9.82 
Radius Right 325 58.0 0.87 76 141 87 8.84 
Radius Left 340 60.0 3.50 77 34 22 8.65 
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Radius Right 338 62.0 1.32 78 85 59 9.35 
Radius Left 336 60.5 1.79 84 54 47 9.96 
Radius Right 340 61.5 1.21 85 121 70 9.30 
Radius Right 345 58.0 2.83 85 50 30 7.10 
Radius Right 334 62.0 2.39 86 49 36 9.28 
Ulna Left 411* 59.0 0.03 6 225 225 20.48 
Ulna Right 416* 53.5 0.14 6 42 42 18.87 
Ulna Right 435* 59.5 0.06 7 113 113 20.73 
Ulna Right 446* 61.0 0.07 7 105 105 26.13 
Ulna Left 427* 59.0 0.07 7 103 103 17.42 
Ulna Right 417* 58.0 0.08 7 84 84 21.51 
Ulna Right 416* 59.0 0.15 7 47 47 22.23 
Ulna Left 439* 62.0 0.07 8 113 113 17.75 
Ulna Right 405* 58.5 0.07 8 109 109 21.81 
Ulna Right 411* 55.5 0.12 8 69 69 20.66 
Ulna Left 417* 59.0 0.25 10 82 40 17.87 
Ulna Right 445* 59.5 0.12 11 93 93 24.58 
Ulna Right 447* 57.0 0.05 13 266 266 21.72 
Ulna Left 438* 58.5 0.07 13 196 196 21.77 
Ulna Right 440* 58.5 0.48 13 27 27 16.56 
Ulna Left 445* 60.5 0.13 14 104 104 20.53 
Ulna Left 421* 52.0 0.00 
 
32 32 21.85 
Ulna Left 420* 53.5 0.00 
 
36 36 20.12 
Ulna Left 421* 54.5 0.00 
 
62 62 19.61 
Ulna Right 420* 63.5 0.00 
 
22 22 19.85 
Ulna Right 417* 62.0 0.00 
 
21 21 23.40 
Ulna Left 407* 60.5 0.00 
 
95 95 21.20 
Ulna Right 439* 62.0 0.00 
 
95 95 25.17 
Ulna Left 434* 61.5 0.00 
 
112 112 19.92 
Ulna Right 424* 60.0 0.00 
 
44 44 22.96 
Ulna Right 424* 59.5 0.00 
 
247 247 21.66 
Ulna Left 425* 61.5 0.00 
 
114 114 20.33 
Ulna Right 441* 58.0 0.00 
 
187 187 22.80 
Ulna Right 437* 59.0 0.00 
 
106 106 26.02 
Ulna Right 440* 62.5 0.00 
 
131 131 19.32 
Ulna Left 419* 61.5 0.00 
 
153 153 20.88 
Ulna Right 407* 62.5 0.00 
 
269 269 28.05 
Ulna Left 403* 61.0 0.00 
 
311 311 20.67 
Ulna Left 421* 61.0 0.00 
 
139 139 24.68 
Ulna Left 436* 60.0 0.00 
 
154 154 21.33 
Ulna Left 432* 60.0 0.00 
 
214 214 21.64 
Ulna Left 430* 60.5 0.00 
 
168 168 20.13 
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Ulna Left 416* 59.0 0.00 
 
110 110 18.40 
Ulna Right 430* 58.0 0.00 
 
111 111 17.87 
Ulna Left 421* 61.5 0.00 
 
87 87 18.89 
Ulna Right 411* 61.5 0.00 
 
72 72 22.50 
Ulna Right 413* 61.5 0.00 
 
126 126 20.69 
Metacarpal Left 210 51.5 0.92 12 19 13 9.87 
Metacarpal Left 224 50.0 1.50 15 10 10 8.56 
Metacarpal Right 222 57.5 1.31 17 13 13 9.73 
Metacarpal Left 216 60.0 3.00 18 9 6 8.61 
Metacarpal Right 219 60.0 1.73 19 11 11 8.86 
Metacarpal Left 220 62.5 2.22 20 13 9 7.40 
Metacarpal Right 211 60.5 1.91 21 11 11 7.63 
Metacarpal Left 219 60.0 1.91 21 22 11 10.52 
Metacarpal Right 221 59.0 1.29 22 17 17 8.57 
Metacarpal Left 211 63.5 2.20 22 10 10 8.40 
Metacarpal Right 210 58.5 2.88 23 9 8 8.17 
Metacarpal Left 224 62.0 2.67 24 11 9 9.41 
Metacarpal Left 210 62.0 1.47 25 19 17 9.12 
Metacarpal Right 220 60.0 1.56 28 18 18 11.34 
Metacarpal Left 215 59.0 2.42 29 18 12 9.10 
Metacarpal Left 219 58.0 5.80 29 5 5 8.91 
Metacarpal Right 220 58.5 5.00 30 6 6 9.45 
Metacarpal Right 213 59.5 4.43 31 13 7 7.73 
Femur Right 400 54.0 12.50 75 6 6 10.22 
Femur Right 389 58.5 8.44 76 9 9 12.32 
Femur Left 384 59.0 40.00 80 2 2 9.17 
Femur Right 405 56.5 10.50 84 8 8 10.09 
Femur Left 388 54.0 14.00 84 6 6 9.57 
Femur Left 394 57.5 43.00 86 2 2 10.84 
Femur Left 394 57.5 29.33 88 3 3 9.45 
Femur Right 389 59.0 44.00 88 2 2 8.31 
Femur Right 403 61.5 90.00 90 1 1 9.56 
Femur Left 400 60.0 45.50 91 2 2 10.25 
Femur Left 410 56.0 4.00 92 23 23 9.96 
Femur Left 412 62.0 23.00 92 4 4 9.98 
Femur Right 403 62.0 46.00 92 2 2 9.05 
Femur Left 405 56.0 46.50 93 2 2 8.49 
Femur Left 430 57.5 31.33 94 3 3 10.47 
Femur Left 411 60.0 94.00 94 1 1 9.20 
Femur Right 414 60.5 23.75 95 4 4 9.64 
Femur Right 397 56.5 47.50 95 2 2 10.11 
Femur Right 411 58.5 95.00 95 1 1 9.13 
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Femur Right 389 60.0 9.60 96 10 10 7.75 
Femur Right 417 57.0 32.00 96 3 3 9.29 
Femur Left 392 57.5 97.00 97 1 1 9.37 
Femur Right 399 62.5 49.50 99 2 2 10.60 
Femur Left 396 58.5 49.50 99 2 2 8.89 
Femur Left 388 59.0 33.67 101 3 3 10.48 
Femur Right 406 59.0 33.67 101 3 3 9.80 
Femur Left 402 58.0 17.00 102 6 6 10.47 
Femur Left 397 59.0 51.50 103 2 2 9.51 
Femur Right 401 60.0 52.00 104 2 2 9.23 
Femur Left 402 56.5 53.50 107 2 2 8.40 
Femur Right 402 58.0 54.00 108 2 2 9.44 
Femur Right 383 60.0 18.83 113 6 6 10.25 
Femur Left 416 61.5 113.00 113 1 1 8.79 
Femur Right 430 61.5 57.00 114 2 2 8.46 
Femur Right 420 62.5 58.00 116 2 2 10.22 
Femur Left 430 59.0 11.80 118 10 10 9.24 
Femur Right 423 61.0 59.00 118 2 2 10.83 
Femur Left 412 60.0 59.00 118 2 2 8.80 
Femur Right 431 56.0 122.00 122 1 1 9.48 
Femur Right 405 62.5 62.50 125 2 2 9.36 
Femur Right 419 62.0 44.67 134 3 3 9.41 
Femur Left 416 55.5 70.00 140 2 2 8.75 
Tibia Left 390 58.5 6.73 74 11 11 8.19 
Tibia Left 390 61.5 2.29 87 38 38 11.84 
Tibia Right 390 56.0 8.27 91 11 11 9.99 
Tibia Left 388 56.5 12.25 98 8 8 8.77 
Tibia Left 389 62.0 24.75 99 4 4 11.71 
Tibia Right 391 57.0 14.43 101 7 7 11.32 
Tibia Right 387 59.0 34.00 102 3 3 9.66 
Tibia Left 405 58.0 17.17 103 6 6 10.78 
Tibia Left 386 58.5 8.00 104 13 13 11.33 
Tibia Right 381 58.0 4.57 105 32 23 9.91 
Tibia Right 397 59.0 6.63 106 16 16 10.54 
Tibia Right 402 62.0 8.15 106 13 13 9.91 
Tibia Left 373 59.0 15.29 107 7 7 8.80 
Tibia Right 371 55.0 4.00 108 31 27 9.57 
Tibia Left 384 62.0 4.70 108 23 23 11.67 
Tibia Left 400 55.5 13.75 110 8 8 10.17 
Tibia Left 390 59.5 5.89 112 19 19 12.28 
Tibia Left 397 58.5 7.00 112 16 16 10.52 
Tibia Right 386 57.5 22.40 112 5 5 10.42 
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Tibia Left 383 62.0 22.80 114 5 5 9.92 
Tibia Left 383 60.0 22.80 114 5 5 9.87 
Tibia Right 403 61.5 38.67 116 3 3 11.76 
Tibia Right 384 60.0 38.67 116 3 3 10.14 
Tibia Right 386 56.0 8.50 119 14 14 11.25 
Tibia Left 402 60.5 11.09 122 11 11 10.22 
Tibia Right 404 57.0 6.47 123 19 19 11.67 
Tibia Left 390 60.5 6.25 125 20 20 11.57 
Tibia Left 389 63.5 6.94 125 18 18 11.76 
Tibia Left 381 59.5 25.00 125 5 5 8.45 
Tibia Left 401 62.0 4.85 126 26 26 11.63 
Tibia Right 392 61.5 21.00 126 6 6 11.72 
Tibia Left 397 58.0 11.55 127 11 11 11.43 
Tibia Right 420 59.0 16.00 128 8 8 12.59 
Tibia Right 399 59.5 16.13 129 8 8 10.16 
Tibia Right 391 59.0 18.57 130 7 7 12.04 
Tibia Right 404 61.0 19.00 133 7 7 10.68 
Tibia Left 419 62.0 7.88 134 17 17 13.11 
Tibia Right 381 59.5 33.75 135 4 4 9.23 
Tibia Left 396 61.5 16.00 144 9 9 11.60 
Tibia Right 408 63.5 20.86 146 7 7 10.05 
Tibia Right 396 59.5 16.78 151 9 9 10.81 
Metatarsal Right 271 59.5 1.13 18 16 16 10.65 
Metatarsal Right 267 58.5 1.27 19 15 15 9.01 
Metatarsal Left 267 58.0 0.91 20 22 22 8.51 
Metatarsal Left 284 51.0 0.73 22 35 30 9.84 
Metatarsal Right 259 51.0 4.60 23 19 5 9.47 
Metatarsal Right 277 55.5 2.67 24 9 9 9.51 
Metatarsal Left 265 57.0 1.08 26 44 24 11.82 
Metatarsal Left 270 59.0 1.86 26 14 14 8.75 
Metatarsal Right 281 55.5 0.77 27 41 35 10.03 
Metatarsal Left 278 59.5 0.77 27 35 35 9.74 
Metatarsal Right 268 56.0 0.82 27 34 33 9.98 
Metatarsal Left 273 57.5 1.08 27 25 25 9.59 
Metatarsal Left 263 61.5 2.15 28 13 13 10.75 
Metatarsal Left 260 59.5 1.81 29 19 16 9.13 
Metatarsal Right 264 59.0 10.67 32 3 3 9.19 
Metatarsal Right 273 60.0 1.89 36 21 19 9.64 
Metatarsal Left 273 62.0 2.18 37 17 17 9.58 
Metatarsal Right 274 61.5 5.57 39 7 7 9.51 
1st Phalanx 
 
75.22 61.0 0.23 3 13 13 10.36 
1st Phalanx 
 
78.77 57.5 0.04 3 67 67 9.84 




68.77 63.5 0.17 5 29 29 9.96 
1st Phalanx 
 
7.83 66.0 0.09 4 43 43 9.33 
1st Phalanx 
 
66.39 64.0 0.03 5 160 160 14.74 
1st Phalanx 
 
73.31 68.0 0.04 2 54 54 12.53 
1st Phalanx 
 
76.56 68.0 0.09 6 68 68 9.89 
1st Phalanx 
 
75.16 68.0 0.18 4 22 22 11.06 
1st Phalanx 
 
75.57 67.0 0.07 6 89 89 13.44 
1st Phalanx 
 
73.71 68.0 0.04 4 96 96 11.84 
1st Phalanx 
 
67.55 68.5 0.07 7 103 103 11.85 
1st Phalanx 
 
75.27 63.0 0.44 4 9 9 9.57 
1st Phalanx 
 
72.72 66.5 0.03 2 65 65 14.26 
1st Phalanx 
 
76.11 65.0 0.09 4 46 46 13.05 
1st Phalanx 
 
65.55 64.5 0.04 5 141 141 12.51 
1st Phalanx 
 
70.82 67.5 0.02 2 96 96 14.42 
1st Phalanx 
 
68.5 62.0 0.08 2 24 24 15.02 
1st Phalanx 
 
71.81 62.0 0.04 2 49 49 15.72 
1st Phalanx 
 
73.2 60.0 0.08 2 24 24 16.02 
1st Phalanx 
 
72.04 66.5 0.05 2 53 43 13.22 
1st Phalanx 
 
74.66 63.5 0.29 4 14 14 11.25 
1st Phalanx 
 
75.54 65.0 0.25 4 16 16 12.25 
Note: That the * by the Ulna indicates it is the combined length of the Ulna and Radius. 
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FORCE PLATE DATA 
S2 Force Plate Readout Data 
Anvil Drop # Max Vertical Force (N) Max Vertical Loading Rate (N/sec) 
1 2300.77 1414.12 
2 2337.66 1186.63 





Max Vertical Force (N) Max Vertical Loading Rate (N/sec) 
Femur 1 1 2270.59 920.39 
Femur 2 1 2325.21 2463.15 
Femur 2 2 2140.75 1712.60 
Femur 2 3* 1477.30 1951.52 
Femur 2 4 2114.79 4763.04 
Note: The * by the 3rd drop indicates the bone was loosened and not correctly repositioned under the electromagnet. 
 
 
